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TRI-BAND FLYAWAY ANTENNAS FOR WORLDWIDE
COMMUNICATIONS

Nicholas Moldovan
Prodelin Corporation
1700 NE Cable Drive

Conover, NC 28613

ABSTRACT

The Department of Defense (DOD) is rapidly moving toward Commercial-Off-
The-Shelf (COTS) Flyaway Tri-Band Satellite Ground Terminals to provide
worldwide communications with spacecraft such as DCSC, DOMESTIC
SATELLITE ORGANIZATION (DOMSAT), INTELSAT, ORION,
PANAMSAT, etc. A critical element in the ground terminal is the communication
antenna. The complexity of multi-band of operation (C, X, and Ku), high
reliability, low cost, transportation/packaging requirements, and international
compliance to numerous operational specifications for satellite accessing
(certifications) has placed challenging requirements on the antenna. This paper
describes three (3) antennas with aperture sizes of 1.2, 1.8, and 2.4 meters
specifically developed for such applications.




1.0 INTRODUCTION

During the past ten years there have been increasingly widespread applications for
cost-effective satellite communication systems offering the end user two-way
voice, data, or video transmission. This technology has been identified as Very
Small Aperture Terminal (VSAT) and is currently in use by private industry and
federal agencies. Typically, these fixed remote antennas are 2.4 meters in aperture
size or less and connect to a central antenna hub/switching facility to create the

network.

This technology first started domestically, operating in the Ku- frequency band
(receive: 11.7 - 12.2 GHz and transmit: 14.0 - 14.5 GHz). Typical rules and
regulations as it pertained to the VSAT antenna was and still is covered by the
FCC. However, as VSAT technology spread throughout the world, the VSAT
antenna underwent changes by providing cost-effective components which

configured the antenna to operate over a variety of C and Ku-band satellites.

Because of the growth in global communication traffic, increased demands were
placed upon satellite capacity and limited available frequency bands. Newly

constructed satellites offered extended frequency bands, along with unique




polarizations. Complicating the issue, each satellite agency or organization

contains specific performance specifications in order to access the satellite.

Today, the VSAT antenna is configured, and in some cases, licenced in just about
every frequency band and polarization required for world-wide satellite accessing.

Figure 1.0-1 illustrates the wide variety of configurations available.

However, during the past three years a new market of flyaway VSAT antennas has
emerged for such applications as: emergency back-up to the already in-place
networks, and temporary communications. The design and development of these
flyaway VSAT antennas added a new challenge in addressing and meeting the
transportability requirements. Although developed for commercial applications,
multi-frequency VSAT flyaway antenna systems which will provide world-wide
communications with spacecrafts such as DCSC, DOMSAT, INTELSAT,

ORION, PANAMSAT, etc. are also requested by the Department of Defense

(DOD).

The following paragraphs present four (4) flyaway antennas with aperture sizes of

1.2, 1.8, and 2.4 meter.




Hj][[::[jﬁ:;

C-Band Circular Polarized
Rx 3.625-4.200 GHz  Tx 5.850 - 6.425 GHz
(Intelsat Type Approved “STD G” Feed) C-Band Circular (Co and X-Pol)
Rx 3.625-4.200 GHz  Tx 5.850 - 6.425 GHz
(Domsat. Brazilsat, Panamsat, Morelos . . )

Extended C-Band Linear
Rx45-48GHz Tx6.725-7.025GHz
(Insat Satellite)

Ku-Band
Rx 1095-12.75GHz  Tx 14.00 - 14.50 GHz
(Intelsat Type Approved Feed, Domsat, Orion, . )

2.4 Meter C-Band Rx/Tx

Intelsat STD G
Type Approved Antenna
1 NASA ACTS
20730 GHz
U
L-Band, C.P.

Figure 1.0 - 1  Fixed VSAT Antenna with Various Feeds for World Wide Satellite Accessing  *%




20 FLYWAY TRIBAND ANTENNA DESIGNS

Figure 2.0-1 presents four (4) antennas developed for both commercial and
military applications. Criteria for their designs are listed below.

1. High efficiency across each frequency band.

2. Capable of meeting appropriate specifications (FCC, Intelsat,

DSCS, Panamsat...).

3. Utilized high volume in production components.
4. Logically defined real transportability requirements (weights and
sizes).

2.1  REFLECTOR DESIGNS

The reflectors used in fabricating the 1.2 and 1.8 meter antennas are production
single piece high-volume compression molded reflectors that were sectionalized.
Compression molded reflectors’ unique property of zero residual stresses allowed

cutting the reflector in multi-pieces without changing the surface rms.

A novel method of attaching interface flanges with self-aligning fasteners to each

reflector section provided the required method of reassembling the reflector.




1.8 M Antenna with Triband Feeds (9-piece Reflector,Ku-band shown)
Figure 2.0-1 Flyaway Antennas for Commercial and Military Applications




1.8M Antenna with Triband Feeds (2-piece Reflector, X-band shown)
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2.4 M Antenna with Triband Feeds (4-piece Reflector, X-band shown)
Figure 2.0-1 Flyaway Antennas for Commercial and Military Applications




The 2.4 meter reflector is a standard tooled compression molded four-piece

reflector used for both transportable and fixed antennas.

2.2  TRIBAND FEED SYSTEMS

Figure 2.2-1 shows typical triband feed systems. Each feed assembly is designed
to plug into a common reflector feed support. The following paragraphs

summarize the key features of each feed assembly.

2.2.1 C-BAND FEED SYSTEM

The C-band feed system consists of three major assemblies: feed horn, polarizer,
and OMT. This single feed system provides all the required polarizations
necessary (Intelsat circular pol, X-pol linear, and co-pol linear). The feed horn
employed consists of a corrugated conical horn manufactured in a single piece die
casting. The circular polarizer is a square waveguide iris design that is

manufactured as a single piece investment casting. Depending on the feeding




C-Band Feed

o Cross Polarized Lincar

e Co-Polarized Lincar

« Intelsat Circular Polarized (cxtended band)

« Intcgrated Band Pass and Band Rejyect
Filters (located in OMT)

o Type N or CPR 137 TX Interfaces

Ku-Band Feed

« World Wide Frequencics
(Rx: 10.95 - 12.75 GHz)
Tx: 14.0 - 14.5 GHz)

o Intcgrated Asscmblics (Hom, OMT.
and Band Reject Filter)

« Cradle Assembly for Easc of
Polarization Adjustment

X-Band Fecd

« Operates over DSCS at X-Band

o Inicgrated Assemblics (Hom. Polanzer.
OMT. Band Pass, and Band Reject Filters)
Low Axial Ratio: 1.0 dB max.

« Low VSWR and Insertion Loss

Figure 2.2-1 Tri-Band Feed Systems




orientation of a linear polarized electric field at the input of the polarizer, a right
hand or a left hand circular polarized field is generated through the polarizer. In
addition, the polarizer will also propagate linear polarization when rotated with
respect to the OMT. Completing the feed system, an OMT is required. The OMT

is a novel design since it is capable of providing the following:

Cross polarization linear

Co-polarization linear

Integrated filters (band pass and band reject)

Manufactured in three (3) pieces in diecasting.

Field polarization changes are accomplished by rotating the OMT with respect to
the polarizer and rotating the OMT through port with respect to the OMT

common port.

2.2.2 KU-BAND FEED SYSTEM

The Ku-band feed system provides simultaneous operation across the receive

(10.95 - 12.75 GHz) and transmit (14.0 - 14.5 GHz) frequency bands with linear

10




polarization. Each component making up the feed asssembly is manufactured by

die casting with the exception of the filters.

2.3.3 X-BAND FEED SYSTEM

The X-band feed system consists of a horn, polarizer, OMT, waveguide bends, and

filters. The polarizer is a square iris waveguide design. The complete assembly is

well matched resulting in excellent VSWR (1.25:1) and axial ratio (.75 dB max.).

3.0 ANTENNA PATTERN CHARACTERISTICS

To illustrate the typical performance characteristics of each antenna, transmit co-
polarized secondary radiation patterns are presented in Figures 3.0-1, 3.0-2, and

3.0-3.

40 CONCLUSION

This paper describes three flyaway tri-band antenna systems developed specifically

for commercial and military satellite communications. The presented antennas

utilize cost-effective, high-volume tool components from commercial VSAT fixed

11
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antenna systems. Feed component configurations which provide tri-band
frequency compliance and selected transmit co-polarized secondary radiation

patterns are present.
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A VEHICULAR ANTENNA FOR MOBILE SATELLITE SERVICE

Charles D. McCarrick
Seavey Engineering Associates, Inc.
135 King Street
Cohasset, Massachusetts 02025

Christopher J. Mosher
Seavey Engineering Associates, Inc.
135 King Street
Cohasset, Massachusetts 02025

1.0 INTRODUCTION

Plans are underway for a Mobile Satellite Communications Service which will
provide seamless coverage to fixed and mobile earth terminal users within the
Continental United States. This service will be rendered via a geostationary
satellite system incorporating a RHCP L-band link. Consequently, equipment
manufacturers are pressed to provide compact, low cost mobile terminals suitable
for a commercial market. A major element in the success of this service is the
mobile antenna and how it integrates both functionally and visually with the mobile
equipment. In order for a mobile vehicular antenna to gain social acceptance, it
must appear unobtrusive to the end user. However, medium gain circularly
polarized antennas operating at L-band frequencies tend to be large in size. Hence
the main design objective lies in overcoming the non aesthetic nature of such an

antenna.

Development efforts have led to the realization of a production version medium
gain mobile satellite antenna commonly referred to as the “mast”. This multiturn
quadrifilar helical antenna is designed for installation on a mobile platform, such as
an automobile or cruise ship, where beam adjustment is critical for maintaining a
RF transmission link with a geostationary satellite. In particular, the mast antenna
permits its main radiation beam to be manually adjusted from twenty-five to
seventy degrees above horizon while maintaining omnidirectional coverage in the

azimuthal plane.

16




The mast is a mature product and currently the sole antenna to successfully
undergo type approval by OPTUS, the SATCOM service provider in Australia.
Together with the NEC Australia Pty. Ltd. mobile satellite telephone, the mast
antenna offers seamless voice, data, and fax coverage to OPTUS users throughout

Australia and its surrounding waters.

This paper provides a basic understanding of the quadrifilar, its operation, and
modeling techniques. More importantly, it describes the design, construction, and
electrical performance of the mast antenna. With the launching of satellites here in
the United States by SATCOM service provider AMSC, antennas with unique
features such as the beam steerable mast will gain particular attention as service

requirements begin to unfold.

2.0 DESCRIPTION OF THE QUADRIFILAR AND ITS OPERATION

A quadrifilar helical antenna consists of four helical elements physically rotated by
90° in space with respect to one another while sharing a common axis. The helical
elements themselves are conducting wires which serve as the radiating portion of
the antenna. The two ends of the helix are referred to as the distal and proximal
ends. Generally the distal end of a vertically mounted antenna is that end furthest
from the ground plane, formed in this case by the vehicle body.

The quadrifilar is a versatile antenna in that its feed point may be located at either
the proximal or distal end. At the feed point the four helical elements are fed in
phase quadrature with equal amplitude. The antennas polarization sense depends
upon the direction in which the helical elements are wound. To achieve right hand
circular polarization for a proximal fed quadrifilar, each helical element must
ascend in a counter-clockwise fashion as viewed from the proximal end.

17




The three dimensional shape of a helix defines the surface of a cylinder which has
associated with it the dimensions of length and diameter. These dimensions are
respectively referred to as the axial length and helix diameter. As a wire element is
wound about a constant diameter to generate a uniform helix, an angle is formed
between the helix element and the plane normal to that of the central axis. This
angle is called the pitch angle and it is dependent upon the number of helix turns
for a given axial length. The pitch, not to be confused with pitch angle, is defined
as the axial length required for the helix to complete one full turn about its axis.

The pitch and helix diameter each play a role in determining the radiation
characteristics of the antenna. Decreasing either parameters’ dimension form an
arbitrary reference dimension will cause the radiation beam in the elevation plane
to scan towards zenith. Conversely, an increase in parameter dimensions will
cause the beam to scan towards horizon. As with all traveling wave antennas,
there exists a distinct shift in the angle of peak radiation at two separate
frequencies for a set of constant helix parameters. More specifically, an increase
or decrease in operating frequency elicits an inverse response in elevation angle.
This behavior is commonly denoted as “frequency scanning”.

3.0 MODELING TECHNIQUES

The Numerical Electromagnetic Code (NEC) software is of moderate utility. This
software can quickly evaluate the radiation characteristics and input impedance of
a wire structure in three dimensional space. Using NEC, one can successfully
model various wire antennas including quadrifilars.

Radiation characteristics are evaluated with the quadrifilar suspended in free space.
As described above, it is the proper selection of helix parameters which yields the
desired coverage. Intuition and experience are employed to determine an initial set
of parameters. An iterative approach is then adopted. To great success, several
generator programs have been created which interface with the NEC software to

allow for rapid manipulation of the helix parameters.

18




As discussed, the quadrifilar is fed in phase quadrature with equal amplitude.
Hence, measuring the terminal impedance of each helical element is not
straightforward. Fortunately however, NEC can predict the terminal impedance
with reasonable accuracy when arranged in the proper format.

Due to mutual coupling between helical elements, alteration of the helix
parameters strongly affects the input impedance of the quadrifilar. Thus the
impedance must be carefully monitored throughout the iterative process. In fact,
fulfilling the coverage requirements while maintaining a reasonable match is the

most challenging aspect of the design.

4.0 MAST ANTENNA DESIGN

The mast antenna is a multiturn quadrifilar helical antenna fed in phase quadrature
at the proximal end. Feeding is accomplished via a covered microstrip power
combiner of cylindrical form. Attached to the feed network are conductive
elements of fixed undeveloped length which ascend in a helical manner to the distal
end. Along the way the elements are delicately supported to provide stability
under vibration conditions. At the distal end the elements are attached to a
rotatable knob. The complete assembly is housed within a tapered fiberglass
radome and attached to a low loss coaxial cable. Please refer to Figure 1 for an
outline drawing of the mast antenna with reference dimensions.

4.1 Adjustment Mechanism

The mast’s radiation pattemn is omnidirectional in azimuth with directive beams in
the elevation plane. By proper selection of helix parameters it is possible to
achieve 8dBic of antenna gain. However, gains of this magnitude yield an
elevation beam which is too directive to provide complete elevation coverage
using a fixed set of helix parameters. To that end a mechanical feature has been
incorporated into the mast design to allow for manual variation of these

P arameters.
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Turning the rotatable knob in one direction or the other increases or decreases the
number of turns in the antenna depending upon the direction of rotation. Any
change in the number of turns over a fixed axial length results in an inversely
proportional change in the helix diameter and pitch. The final result is a shift in the
angle of maximum radiation. Hence the rotatable knob is the source of beam
adjustment for the user. Calibration markings on the knob provide an approximate
location of the radiation beam in degrees above horizon for a vertical mast. In this
manner one can steer the radiation beam to any angle between twenty-five and
seventy degrees as dictated by his/her geographical location.

The method of adjustment explained here can be described as manually
mechanical. However, a manually electrical adjustment is also available. In fact,
there currently exists a motorized version of the mast antenna which allows the
user to adjust the mast from a remote location such as inside the vehicle. In the
fullness of time system costs will decrease resulting in a higher demand for luxury
options. Paralleled with advances in mobile terminal technology, it is envisioned
that the motorized mast will operate in a “hands off” mode where beam adjustment
is controlled entirely by the mobile terminal equipment.

4.2 Feed Network

Under normal circumstances, the phase quadrature required to feed a quadrifilar
would be accomplished via two 3dB hybrids. Moreover, the isolated port of each
hybrid would be terminated in a load of characteristic impedance. In such a
configuration a portion of the power reflected at each input terminal of the volute
is redirected into a load where it is dissipated.

20




The feed network employed here is a four way covered microstrip power combiner
which does not incorporate hybrids or resistive loads. Instead it uses 90° and 180°
line lengths to achieve phase quadrature. This arrangement offers several
advantages such as ease of assembly and reduced physical size. However, feeding
the mast in this manner requires a proper impedance match at the feed/volute
interface for all parameter variations. Otherwise, an amplitude unbalance will
occur between the four helical arms causing a substantial degradation in back lobe
performance and gain. The rational behind this is best understood through a

transmission line analysis of such a feed network.

4.3 Frequency Scanning

The frequency scanning characteristics of the mast can potentially jeopardize its
utility as a medium gain antenna if not properly accounted for. Frequency
scanning results in an unfortunate reduction in antenna gain between the transmit
and receive modes of operation. This reduction is often referred to as “crossover
loss”. Recent developments have led to an improved version of the mast antenna
with significantly reduced frequency scanning behavior.

5.0 MAST ANTENNA CONSTRUCTION

5.1 Helical Elements and Power Combiner Circuit

The microstrip power combiner and four helical elements form a continuous
printed circuit of copper on 5 mil Mylar film. After etching, the circuit is die cut
into the form shown in Figure 2. An important feature of the Mylar film is its
ability to maintain a uniform helical shape along the central axis during adjustment.
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5.2 Base Assembly

The power combiner portion of the circuit is sandwiched between inner and outer
sections of polypropylene tubing which form the microstrip sub and superstrates
respectively. To complete the microstrip circuit, the entire assembly is fitted over
a brass rod which acts as a ground plane. A coaxial cable enters the brass rod and
engages the lower tail of the power combiner forming a coaxial-to-microstrip
transition. This low loss cable is 8.2' long, 0.29" in diameter, and terminates in a
TNC male connector. A rubber grommet is also provided to facilitate cable
passage through the skin of the vehicle if required. A 2.6" long by 0.94" diameter
stainless steel spring is attached to the bottom of the brass rod to absorb shock on
impact between the antenna and low objects (i.e. garage doors, tree limbs, etc.).
The opposite end of the spring is tapped with M8 x 1.0 female threads for use with
most commercially available mounts such as trunk, gutter, and universal ball

mounts.

5.3 Radome

Both the feed network and the helical elements are housed within a black fiberglass
radome. This tapered radome is 33.8” long and varies from 0.57” to 0.85” in
diameter. The radome is secured to the base assembly near the location of the
coaxial cable entry. A protective sheath affixed to the radome provides a tamper
resistant transition at the cable/radome interface.

5.4 Adjustment Knob Assembly

The adjustment knob assembly consists of a knurled rotatable knob and a travel
limiting nut. The threaded shaft of the knob and the limiting nut are contained
within a clear polycarbonate housing. The entire assembly is fashioned to the top
of the radome at which point the helical elements engage the rotatable knob.
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Turning the adjustment knob alters the height of the limiting nut within the clear
housing. In short, the nut is raised or lowered depending upon the direction of
rotation. When properly calibrated, the location of the limiting nut provides
insight as to the direction of maximum radiation. As such, calibration markings
have been laser etched into the clear housing which provide the user with six
adjustment settings over the range of 25° to 70°. Mechanical stops exist within the
assembly which prevent the user from twisting the helical elements beyond their
practical limits. Upon completion of final assembly the mast is fully
environmentally sealed and water immersion tested on a 100% basis.

6.0 MEASURED ELECTRICAL PERFORMANCE

Tables 1 through 3 summarize the gain and VSWR performance for elevation
settings of 30°, 50°, and 70° respectively. The frequencies listed here correspond
to the low, middle, and high end of the Australian receive and transmit bands.
Similar performance is obtained over the designated United States bands which are
somewhat lower in frequency.
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TABLE 1 - ELECTRICAL PERFORMANCE AT 30° EL

FREQUENCY GAIN VSWR
(MHz) (dBic)
1545 7.9 1.42:1
1552 7.8 1.40:1
1559 7.7 1.37:1
1646.5 7.7 1.24:1
1653.5 7.7 1.39:1
1660.5 7.6 1.59:1

TABLE 2 - ELECTRICAL PERFORMANCE AT 50° EL

FREQUENCY GAIN VSWR
(MHz) (dBic)
1545 8.0 1.23:1
1552 8.1 1.21:1
1559 7.9 1.21:1
1646.5 8.0 1.05:1
1653.5 7.8 1.20:1
1660.5 7.6 1.36:1

TABLE 3 - ELECTRICAL PERFORMANCE AT 70° EL

FREQUENCY GAIN VSWR
(MHz) ' (dBic)
1545 8.1 1.33:1
1552 8.2 1.27:1
1559 8.3 1.21:1
1646.5 8.0 1.25:1
1653.5 7.8 1.40:1
1660.5 7.8 1.54:1
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ABSTRACT

The design of a mechanically fixed antenna with electronical scanning of a narrow
beam is usually a complex technical problem, and it becomes a real challenge when the

antenna, operating in millimetric frequency band, is to be affordable (i.e. low cost).

This presentation is going to address the subject of an original antenna concept,
intended for Radar application, with two-axis electronical scanning of the radiated

beam.

The complex, cumbersome and costly use of a large number of mmw phase
shifters in order to operate 3-D scan in a broad field of vision is replaced in this design
by a combined use of frequency scan and beam switch, compatible with Radar

specifications.

This presentation will describe the architecture used in this concept, with the

constitutive elements designed to satisfy the overall technical goals.
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FOREWORD

The scope of this presentation is the system and technical
assessment for the definition of an antenna for a future Radar
system operating in millimetric frequency band, and capable of
electronic scanning of the beam while ensuring low cost goal.

Radar systems in millimetric frequencies are well adapted to
close-range applications on mobile platforms, in order to produce
high resolution Radar images <1>. Moreover, the choice of
millimetric frequencies enables the use of small dimensions for
the scanning antenna, while ensuring wide bandwidths not
available at lower frequencies.

However, the utilization of the millimetric frequency range must
still overcome several problems and limitations among which is
the lack of low-cost, low bower consumption components for
antennas.

BACKGROUND - STATE OF THE ART

A passive reflector or anarray mechanically scanned is a solution
not adequate for flush-mounted/low vistbility requirement.

The benefits of a fixed array antenna with electronic beam
steering include

-- beam agility and flexibility, as the direction of
radiation is not dependant on mechanical constraints
(motorization)

-- conformation and low observability, as the whole system
can be implemented inside the host structure with the antenna
positioned as a window upon it.

Array antennas with electronic beam scanning, active or passive
in transmission or reception are well documented <2> and, in some
cases, are in the stage of mass production, particularly in the
telecommunications field <3>

These antennas in a general manner make use of an array of
radiating elements connected to a microwave power divider
realizing the generation of the amplitude illumination pattern
ensuring the required characteristics in terms of radiation
pattern.
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The electronic scanning function is achieved with modules
associated with each radiating elements and inserted between

these radiators and the power divider. These modules generate the
phase illumination pattern on the radiating aperture, typically

from the use of coaxial or printed diode phase shifters, from
waveguide or printed ferrite phase shifters, or from digitally
controlled line lengths for wide-band phased arrays.

These techniques have already been transposed in the millimetric
frequency range, and technological demonstrators have been
developed and tested e.g. in the civil (20-30 GHz) or military
(20-44 GHz) telecommunications band <4>, and in some frequency
bands allocated to Radar.

However, these techniques lead to various problems and
limitations following the fact that a narrow beam requires a
great number of elements, increasing with the maximum scanning
angle. This can be illustrated by the following example:

-- a fixed array antenna with the main beam presenting a
half power width 2°x4°, and scanning in an extended area 120°x30°
requires approximately 1,500 radiating elements for the array.

A classical architecture for electronic scanning based on the use
of individual phase shifters would then necessitate 1,500 phase
shifters and a power dividing device of 1 to 1,500, generating
the following constraints:

-- critical layout (connections between radiators and
modules, between modules and power divider, mechanical and
thermal layout), all the more complicated as the frequency goes
up, i.e. as the inter-element spacing is reduced.

-- high cost, according to the number of phase shifter
modules and radiating elements.

This problem is even more complex when the radar monopulse
signals (azimuth and elevation differences) are to be generated.

The architecture described hereafter solves in a specific way the
limitations listed above: the operation of the radar antenna is
based on frequency scanning in one direction of scan, and beam
direction switching based on Rotman lens in the other direction
of scan.

FREQUENCY SCANNING

The principle made use of here involves the variation with
frequency of the phase difference between the radiating elements
of a linear array, fed through propagation lines of different
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lengths.<5>
This may be implemented in two different ways:

-- by feeding the elements in series connection with a
sinuous, or serpentine, propagation line coupled to radiators,
where the electric distance s between adjacent elements separated
by a distance d is fixed in such a way that any frequency shift
modifies the phase difference between adjacent elements, hence
the angle of scan, in a definite way. The scan angle counted
from broadside is ©m such that sin®m = s d/d (1/dg - 1/d4gm) where
d and Ag are respectively the wavelengths in the air and at the
work frequency, and dgm corresponds to the frequency where s is
an integer number times this wavelength.

THE ROTMAN LENS

In general the role of a lens is to focus an incoming plane wave
toward a specific point for this direction called focus.

The Rotman lens<6> is a two dimensional device designed to align
the radiating elements of a linear array along various wave
fronts, hence generating various scanned directions, determined
from the positions of the input ports. The Rotman lens is a
parallel-plate constrained lens: it makes use of the
electromagnetic propagation between two parallel plates with
input ports (E), or beam ports, corresponding to the directions
of the radiated beam, and the output ports connected to the
radiating elements of the linear array with lines of specific
lengths.

The Rotman lens consists of a circular focal arc on which
multiple feeds are arranged, three of them being of perfect
focus, one on axis and two symmetrically displaced from the axis:
the feeds radiate into the parallel-plate area, the radiated wave
being picked up by probes arranged on a specific curve and
connected to the radiators.

The operation is independent of frequency when the propagation
mode is a TEM mode. The choice of the direction of radiation,
i.e. of the beam port on the input side of the lens, is made with
a switch matrix.

ARCHITECTURE OF THE RADAR ANTENNA

The radar antenna making use of frequency scanning and beam

30




switch with Rotman lens is divided in parallel vertical columns.

The number of columns and the spacing between them are determined
by the frequency band, the azimuth beamwidth and the maximum
azimuth scan angle.

Each column is a frequency scanned linear array where the inter-
element spacing d and the electric distance s between them are
designed to scan the radiated beam in the required angle range in
elevation plane.

The elevation monopulse signal is generated by dividing each
column into halves.

The horizontal scan is realized by beam switch. A Rotman lens
makes use of the signals generated by the linear array of
vertical columns and ensures the azimuth scan: this lens has as
many beam ports as directions to create, and as many antenna
ports as vertical columns to feed. The azimuth direction is
chosen through a switch matrix connecting the adequate beam port
to the Radar transmitter/receiver.

The azimuth monopulse signal is generated by dividing the linear
array of vertical columns into a left and a right half.

The orientation of the radiated beam is then accomplished with a
combination of a choice of a specific frequency on the one hand,
and the choice of a beam azimuth direction port on the other
hand.

This architecture emphasizes the advantages reached in comparison
with more classical architectures, to the prejudice of a more
elaborated Radar signal processing:

-- diminution and simplification of inter-element connecting
problem: the radiating array is really a horizontal array of
frequency scanned elements. In the example shown above, a 1,500
element rectangular array antenna is reduced to a linear array of
approximately 60 frequency scanned elements.

-- reduction and simplification of the layout of the beam
pointing devices. In the example shown above, a set of 1,500
phase shifters is replaced by electric line lengths and a set of
one to four Rotman lenses with the associated switch matrix.

-- reduction and simplification of the layout of the feeding
system and the command and control of these elements which become
crucial at high frequencies.

-- hence following from these characteristics and the
reduction of complexity, the cost of the antenna is obviously
reduced compared with solutions based on the use of phase
shifters.
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TECHNICAL APPROACH FOR THE CONSTITUTIVE ELEMENTS

The frequency scanned vertical columns may be designed in printed
technology (e.g. in suspended substrate form capable of low loss
and power handling or coplanar waveguide with printed elements as
V-shaped dipoles, notches,...).

An alternative is to design the parallel columns in waveguide
technology as a cascade of couplers made from rectangular windows
or Bethe holes with waveguide slots as radiating elements;
powerful software programs have been developed to analyze these
waveguide slot arrays<8>. Automatic milling machines are used to
manufacture these elements.

Rotman lenses have been designed in printed technology and in
waveguide technology. This last form is mechanically simple, as
it consists of two parallel metallic plates, with beam and
radiator ports being either processed as standard rectangular
waveguide, or made compatible with coaxial connections through
the use of probes in the lens.

Finally, switch matrices may be designed at mm frequencies using
ferrite devices as elementary switch elements.

CONCLUSIONS

An architecture design has been described for a new kind of two
dimensional phase array at millimetric frequencies.

The architecture brings into operation a combination of frequency
scan and beam switch with Rotman lenses.

This concept opens the possibility of low cost antennas at
millimetric frequencies as the architecture:

-- reduces the number of phase commands in the antenna,
roughly from one element per radiator to one command per column
in a rectangular array.

-- drastically reduces the number of interconnections in the
array.
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PERFORMANCE ANALYSIS FOR A CONCEALED

AUTOMOBILE ENTERTAINMENT RADIO ANTENNA SUB-SYSTEM

by

Andrew Adrian
Automotive Components Division
Ford Motor Company
Dearborn, MI

ABSTRACT.

AM/FM mobile broadcast reception for many years has been very
pragmatic in its use of antenna sub-systems. The primary antenna
element of choice has been the vertical, 92 MHz, quarter wave
fixed mast or the vertical, 92 MHz, telescoping quarter wave mast.
Each are mounted using the vehicle sheetmetal as the ground plane.
Location of the mast has always been primarily driven by styling
input. From the element, low capacitance coaxial cable is
utilized to propagate the signal to the radio receiver.
Performance of this type of antenna sub-system is very consistent
with little electrical engineering effort required to maximize
signal transfer from the antenna to the radio.

Although quarter wave mast type systems do not require extensive
electrical engineering efforts, they do have significant
disadvantages. The mast detracts from overall styling of the
vehicle. It is also very susceptible to mechanical damage during
the life of an automobile. This is especially true for
telescoping masts. Finally, as automobiles have become more
aerodynamic and have a quieter ride, wind whistle from the mast
that was previously masked be the automobile is now audible and
leads to customer dissatisfaction and complaints. For these
reasons, concealed antenna sub-systems are a very desirable
feature for automobiles. _

Implementation of a concealed automotive antenna sub-system for
AM/FM reception requires significantly more electrical engineering
effort than a conventional quarter wave mast type antenna
subsystem. Because of the increased electrical complexity of the
design, design tools have been developed to predict the
performance of concealed antenna sub-systems. The following
presents the architecture and an electrical model of a concealed
automotive antenna sub-system with comparisons to experimental
testing. :
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1.0 DESIGN REQUIREMENTS

When designing a concealed automotive entertainment radio antenna
sub-system for production and public sale, customers must not be
able to discern any difference between AM/FM radio reception
performance using a conventional quarter wave mast antenna sub-

system or a concealed antenna sub-gystem.

1.1 AM Design Requirements.

The AM frequency band of operation is 530 to 1710 KHz. Since at
AM frequencies the maximum dimension of any vehicle utilizing an
antenna sub-system for AM reception is less than 0.041, the
antenna is nothing more than an electrically small field probe.
Due to the significant reactance associated with such a small
element, the most effective method to characterize the antenna
sub-system's ability to transform electromagnetic radiation into a
usable signal at the antenna sub-system's terminals is the

measurement of the antenna factor, K.

_E (1)

where E is the electric field, of the desired polarization,
expressed in volts/meter and V is the voltage at the antenna

terminals with a defined load being driven by the antenna.
For a concealed antenna sub-system on a vehicle, frequency by

frequency, over the AM frequency band of operation, the antenna

factor for the vertical polarization, measured with the radio
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receiver as the load shall be no less than the antenna factor for
the vertical polarization, of a quarter wave mast antenna sub-
system on the same vehicle, measured into the same receiver load.

The receiver load impedance is illustrated in Figure 1.

Additionally, frequency by frequency, over the AM frequency band
of operation, the vertically polarized antenna patterns at the
horizon elevation of the concealed antenna sub-system shall have
no more variation than the corresponding patterns for a quarter

wave mast antenna sub-system on the same vehicle.

1.2 FM Design Requirements.

The frequency band of operation is 87.9 to 107.9 MHz. At these
frequencies, the antenna sub-system has resonant dimensions and an
effective broadband match to the receiver can be achieved.
Consequently, antenna power gain measurements are used as the
figures of merit to describe the antenna sub-system's ability to
transform electromagnetic radiation into a usable signal at the
antenna terminals. The gain reference that is utilized is a
resonant dipole. 2ll expressions of gain are in dBld (deci-Bell

relative to a linearly polarized dipole.)

Frequency by frequency, over the FM frequency band of operation,
the average vertically polarized gain at the horizon elevation of
any concealed antenna sub-system as installed on a vehicle shall
be greater than -10dBld (including mismatches into the receiver.)

The receiver impedance that the antenna sub-system must drive is
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illustrated in Figure 2.

2.0 MEASUREMENT TECHNIQUES
All measurements of BM antenna factor, FM gain, and impedance of

the antenna sub-system are performed as installed on the vehicle.

2.1 AM Measurements

Using a calibration antenna with a calibrated antenna factor, a
gain substitution method is used to determine the antenna factor
of the antenna sub-system with a high impedance
amplifier/transformer. This antenna factor is referred to as
Kp/r- The amplifier/transformer, always presents a constant
impedance to the receiving test equipment while presenting a very
high impedance to the antenna sub-system. At AM frequencies,

variation is negligible, so the measurements are made with the

vehicles under test in a stationary position.

Two port measurements of the amplifier/transformer over the AM
band of operation are then used to determine the voltage gain from
a source with the same impedance as the antenna sub-system through
the amplifier/transformer to the load of the receiving test
equipment. This gain is referred to as gp,r (Figure 3a.) Another
gain is also computed from a source with the same impedance as the
antenna sub-system to the AM receiver load (Figﬁre 1.) This gain
is referred to a gy; (Figure 3b.) Since the antenna factor is a
directly proportional to voltage, the antenna factor of the

antenna sub-system into the receiver load, Kg, can be computed
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from the following equation:

gRL) . (2)

This is most easily facilitated by using a good circuit analysis

program.

Antenna patterns to determine variation are also taken through a

high impedance amplifier/transformer.

For all of the AM measurements listed, the sources for the
vertically polarized electric fields are the AM broadcast

stations.

2.2 FM Measurements

Antenna sub-system gain at FM is determined by measuring azimuth
patterns in the desired polarization. 500 receiver equipment is
connected to the output of the antenna sub-system and the received
power data is recorded every degree of azimuth per frequency. The
power data is converted to linear voltage units, v; at each angle
of measurement. The area of the triangle A;, in square voltage
units, defined by the consecutive voltage measurements, v; and

vi+1r and the origin, is determined by the equations:

h; (3)

3 141

1
A,=2b
2

where
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(4)
bi=Vi..

. ()
h;=v;sing,
and ¢ is the angular resolution of the data, in this case, 1
degree. A; is summed over 360 degrees to calculate the total

square voltage area, Ag, of each antenna pattern:
= . 6
Ap Zi=1,360 A; (e)

Of course when i is 360, i+l is 1. This calculation is
illustrated graphically in Figure 4. A; is then set equal to the
area of a circle and the unknown radius is solved to yield the

average voltage, V,, of the antenna pattern:

A, (7)

V, is converted back to power units and compared to the power from
a tuned dipole, P4, at the frequency of measurement to obtain the
average gain into the 50Q test equipment,

v,z (8)

Ga(z,=50) =—15d— .

Knowing the reflection coefficient I';;.5o of the antenna (2,=50),

the maximum available gain of the antenna subsystem, MAG, can be

computed:
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(9)
G&
MAG= .
l'lrzo=so|
The reflection coefficient of the antenna sub-system can then be
computed relative to the entertainment receiver, I'yz-, and the
average gain, G,zz-, ©of the antenna sub-system into the

entertainment receiver can be determined.

3.0 SYSTEM CONFIGURATION

The concealed antenna sub-system architecture is illustrated in
Figure 5 (l1)}. The AM receive element is the rear window
defroster. FM receive is carried out through the art work above

the rear window defroster.

Both AM and FM signals are carried back to an antenna isolation
module. This module decouples the defroster grid from the car
vehicle at AM frequencies as well as multiplexes AM and FM onto
one transmission line that propagates both sets of signals back to

the entertainment radio receiver.

This module also passes the necessary D.C. current from the
vehicle power supply to the defroster grid when the heating
function is required. When heating current is required, a high
power filter circuit in the isolation module filters unwanted
signals from the heater current before the current passes to the
portions of the antenna sub-system that are active at radio

frequencies.
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The internal circuitry of the antenna isolation module is depicted

in Figure 6.

4.0 SYSTEM ANALYSIS and DESIGN

The system analysis begins by measuring the various components in
the system and generating models for them. This begins with
measurements of impedance and gain of the antenna elements and
continues with circuit measurements of the lumped components in
the module, the cabling and the interconnects. It is also

necessary to measure the receiver input impedance.

S-parameter measurements are what is used to characterize and
model the components. The components in the module are measured
on the printed circuit board in the configuration that they are
used, parallel or series. Models of the module lumped components
at AM and FM frequencies were developed. several of the module

components are listed in Table 1. with their electrical model.

For the transformer and the inﬁerconnects, actua; two port S-
parameter measurements of the devices are used in the model. The
measured antenna element impedances and receiver impedances were
used as source and load impedances. Cable representations
included the characteristic impedance, phase velocity, and

attenuation factor.

4.1 Power Filter Analysis

The power filter model is illustrated in Figure 7. The question
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here is how much detail is required in the representation of the
power filter in the AM and FM system analysis. Examining the
impedance across the 0.47uF capacitor (Figure 7) that the power
filter presents to the transformer, it is seen that for all
practical purposes the impedance is a short circuit. The worst
case impedance has a magnitude of less than 2.6{ at the end of the
FM band (Figure 8.) Knowing this, the AM and FM models of the
module portion of the system can drop the power filter. Therefore

the system model reduces to the illustration in Figure 9.

4.2 AM Analysis and Design

In the AM band, the impedance that the heater grid presents to the
isolator module (Figure 10) where the transformer meets the
0.015uF capacitor is measured as well as the impedance of the FM
element (Figure 11) where it meets the coaxial transmission line.
The K factor of each of these elements with the high impedance

amplifier/transformer is also measured (Table 2.)

Using the two AM antenna impedances as source impedances, the
system model from Figure 9, and the AM radio impedance from Figure
1, the voltage gain through the system from each receiving antenna
element is calculated (Figure 12) as well as the AM impedance that
the antenna sub-system presents to the radio receiver (Figure 13).
From Figure 12 and Table 3, we conclude that the FM input to the
isolator module does not provide any appreciable AM signal to the

radio receiver and is well isolated.
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4.3 FM Analysis and Design

As in the AM band, the FM impedance of the FM element is measured
(Figure 14) as well as the FM impedance that the heater grid
presents to the isolator module (Figure 15.) The MAG of each of

these elements in the vertical polarization is also measured

(Figures 16 and 17.)

Using the two antenna FM impedances as source impedances, the
system model from Figure 9, and the FM radio impedance from Figure
2, the power gain (actually a loss) through the system is
calculated (Figure 18) as well as the FM impedance that the
antenna sub-system presents to the radio receiver (Figure 19).
From Figures 17 and 18, we conclude that the heater grid does not

provide any appreciable FM signal to the radio receiver and is

well isolated.

Since the heater grid is isolated from the system at FM, the
vertical polarized MAG less the power loss through the system

results in the anticipated FM antenna sub-system gain (Figure 20.)

5.0 DESIGN VERIFICATION
Actual measurements of the complete concealed antenna sub-system

have been made to verify that the requirements of the design have

been met.

5.1 AM Measurements

For AM, Kg; of the concealed system must is greater than Kgp for a
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quarter wave mast system on the same vehicle in the vertical
polarization. Figure 21 graphically illustrates K,,; for the
concealed and quarter wave antenna sub-system as well as Kyp; for

both.

Illustrated in Figure 22 are the antenna patterns for the vertical
polarization for both types of systems. As can be seen from
Figure 22, the pattern variation for the concealed antenna sub-
system is virtually identical to the quarter wave antenna sub-

system.

The measured impedance presented to the AM receiver and the
calculated impedance from the system analysis are both plotted in
Figure 23. The impedance model agrees very well with the

measurements.

5.2 FM Measurements

Vertical and horizontal FM patterns for the concealed antenna sub-
system are illustrated in Figure 24. Additionally, Figure 25
plots the MAG for the vertical polarization, the calculated
average gain into the FM receiver for the vertical polarization,
and the measured average gain into the FM receiver for the

vertical polarization.

The measured impedance presented to the FM receiver and the
calculated impedance from the system analysis are both plotted in

Figure 26.
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6.0 Conclusion

A concealed automobile entertainment radio antenna sub-system
architecture has been presented with a system analysis capability
to aid in the successful application of the architecture to
different vehicles. This concealed antenna sub-system has been
applied to several vehicle lines with success that is measured in
decreased antenna sub-system field failures, lower cost, and

higher overall customer satisfaction.
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COMPONENT MODELS

COMPONENT

AM BAND MODEL

FM BAND MODEL

0.47uF Capacitor

0.47uF Capacitor

0.47uF Capacitor on
the end of a 50Q
transmission line

5.1° long at 98 MHz

680pF Capacitor

680pF Capacitor

680pF Capacitor on
the end of a 50Q

transmission line

4.7° long at 98 MHz

850nH Inductor

850nH Inductor

S~-Parameter
Measurement

120uF Capacitor

120uF Capacitor

120uF Capacitor on
the end of a 50Q

transmission line

5.1° long at 98 MHz

330KQ Resistor

330KQ Resistor

330KQ Resistor on
the end of a 500

transmission line

3.8° long at 98 MHz

100pF Capacitor

100pF Capacitor

100pF Capacitor

1.8uH Inductor

1.8uH Inductor

1.8uH Inductor

0.015uF Capacitor

0.015uF Capacitor

0.015uF Capacitor

3.9KQ Resistor

3600 @ Resistor

3325Q Resistor on
the end of a 50Q

transmission line

8.8° long at 98 MHz

150nH Inductor

150nH Inductor

150nH Inductor

15pF Capacitor

15pF Capacitor

15pF Capacitor

Transformer S-Parameter S-Parameter
Measurement Measurement

Interconnects S-Parameter ‘S-parameter
Measurements Measurements

Coaxial Cable

2y, 84% Velocity of
Propagation,
8.9 dB/100m Loss
Factor

Zy, 84% Velocity of
Propagation,
8.9 dB/100m Loss
Factor

Table 1.
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Component models for AM and FM analysis.




AM K FACTORS

Frequency K, 7 for Heater Grid | K,,r for FM Element
(KHz) (dB/m) (dB/m)
560 -28.9 -31.1
690 -32.6 -35.4
760 -32.1 -34.6
950 -30.3 -32.5
990 -30.6 -33.4
1310 -29.9 ' -33.2
1600 -31.7 -33.9

Table 2. Kp,p for the Heater Grid and the FM Element.
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Figure 1. AM receiver impedance normalized to 2000 ohms.
Figure 2. FM receiver impedance normalized to 108 ohms.
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Figure 3. (a) Voltage gain, g,,r, from the antenna source to the

test equipment load. (b) Voltage gain, gy, from the antenna
source to the AM receiver.
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Graphical representation for the calculation of the
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Figure 4.
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Figure 5. Concealed antenna sub-system architecture.
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$ 39K Gnd
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Figure 6. Internal circuitry of the antenna isolation module.
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Figure 7. Power filter in the antenna isolator module.
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Figure 8. (a) Magnitude of the impedance across the 0.47uF
capacitor of the power filter in the AM band. (b) Magnitude of
the impedance across the 0.47uF capacitor of the power filter in
the FM band.
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Figure 9. Concealed antenna sub-system model.
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Figure 10. BAM heater grid impedance normalized to 2000 ohms.

— AM Imped. of FM Element Z0

Figure 11. AM impedance of the FM element normalized to 2000
ohms.

55




B .868
dB A
-5.860 - f
. e |
AN s
- _
L
B""\-.‘
&-,_‘_ _
et s g -
-18.606 %
8.528 1.128 FREQ-MHZ 1.728
(a)
-145.8 E
--""_8/_
dB =
~=1 -E.--
o "’.a.‘:f
’_.E".-.
J}B—f‘- i
| = f
-165.8 ﬁgﬁf i
.-"zfﬂ/ ]
ol |
e |
}.,B"" l
-~ 1
e §
-188.8 _[ |
8.528 1.129 FREQ—-MHZ 1.729
(b)

Figure 12. (a) Calculated AM voltage gain from the heater grid to
the radio receiver. (b) Calculated AM voltage gain from the FM
element to the radio receiver.’
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Figure 13.
system.

Figure 14.

Calculated AM impedance of the concealed antenna sub-

FM impedance of the FM element normalized to 108 ohms.
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Figure 15. FM impedance of the heater grid normalized to 108
ohms.
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Figure 16. FM MAG of the FM element in the vertical polarization.
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Figure 17. FM MAG of the heate id i .
polarization. T grid in the vertical
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Figure 18. (a) Calculated FM power gain from the FM element to

the radio receiver.

grid to the radio receiver.
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(b) Calculated FM power gain from the heater
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Figure 19. Calculated FM impedance of the concealed antenna sub-

system.
|;Ca|cu|ated Antenna Sub-System Gain
g
8
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Frequency (MHz)

Figure 20. Calculated FM average gain, G,ggc, ©f the concealed
antenna sub-system with the radio receiver load.
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Figure 21. Kp,; and Ky, for the concealed and quarter wave mast
antenna sub-systems.
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| —980 KHz| [—1310 KHz| [— 1600 KHz
(b)

Figure 22. (a) Vertically polarized AM antenna patterns for the
concealed antenna sub-system. (b) Vertically polarized AM antenna
patterns for the quarter wave mast antenna sub-system. (104B per
division)
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—Calc. Ant Sub—Syst AM Imped 20=2000
---Meas. Ant. Sub-Syst. AM imped. Z0=2000

Figure 23. Calculated and measured AM impedance of the concealed
antenna sub-system normalized to 2000 ohms.

(a)

ﬁafs MHz| [—94.3 MHz | [—1007 MHz | |— 107‘..":) MHz |

(b)
Figure 24. (a) Vertically polarized FM antenna patterns of the
concealed antenna sub-system. (b) Horizontally polarized FM
antenna patterns of the concealed antenna sub-system. (10d4dB per
division)
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Figure 25. FM MAG of the FM element, calculated FM average gain,
G.rzcr ©f the concealed antenna sub-system with the radio receiver
load, and the measured average gain, G.xrc, Of the concealed
antenna sub-system with the radio receiver load, all for the
vertical polarization.
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Figure 26. Calculated and measured FM impedance of the concealed
antenna sub-~system.
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A CROSSED-SLOT ANTENNA WITH AN INFINITE BALUN FEED

Dean A. Paschen, Steven C. Olson
Ball Telecommunication Products Division
Broomfield, CO 80038
and
Michel W. Schnetzer
Qualcomm, Inc.

San Diego, CA 92121

ABSTRACT

Microstrip patches have been arrayed in configurations that provide the RF
characteristics of a crossed-slot antenna. By driving the patches in full phase
quadrature (0, 90, 180, and 270 degrees) a circular polarized (CP) antenna pattern
is generated. This concept has been known and implemented for several years.
However, with the ever increasing costs of materials, labor and processes it is
important to minimize costs to compete effectively in the military and commercial
market place. One way to help minimize costs is to simplify the design by reducing
the number of components and subassemblies and still maintain the required
performance.

This paper presents a novel approach in simplifying the design of a CP microstrip
crossed-slot antenna by exciting it in phase quadrature using an infinite balun feed
approach. CP performance that has been accomplished in the past with bulky,
lossy and often expensive feed networks can now be achieved using a simple
infinite balun feed. This antenna design enhances the frequency bandwidth of low
profile crossed-slot microstrip elements and competes with the low angle field-of-
view of higher, more protrusive antenna designs.

66




1. INTRODUCTION

Modern communication methods have placed special demands on antenna
performance.  Satellite communications in particular require antennas with
reasonably high gain over hemispherical regions. When placed on a mobile
platform, these antennas must employ beam steering, either mechanical or
electronic, to maintain the satellite link. Such beam steering is quite expensive to
implement. If data rates are allowed to decrease, a broad beam antenna element
can be employed. This eliminates the need for beam steering, thus reducing the
user terminal cost. This antenna development stemmed from just such a
requirement. This paper will cover prior art, improvements allowed by the

featured design, and measured data from production units.

2. BROAD COVERAGE CIRCULAR POLARIZATION ANTENNAS

Roughly 30 years ago at the start of the satellite communications era, requirements
for wide beam antennas became increasingly apparent. Early satellites were low-
earth-orbiters (LEO's), and tracking of the satellite path as it traced the sky pfoved
difficult for many users. Mobile platforms further complicated the problem. By
employing broad beam antennas, the communication link could be maintained as
the satellite flew overhead, without knowledge of the satellite position or the user's

orientation. Geosynchronous earth orbit (GEO's) satellites eliminated the need for
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broad beams for fixed installations, but such antennas were still required for mobile

users.

Broad beam antennas for satellite communications are typically circularly
polarized. At VHF/UHF frequencies, Faraday rotation creates alignment problems
when linear polarization is used. Additionally, geometric transformation creates
problems for LEO systems or GEO users near the equator. Some of the circularly
polarized antennas used include the quadrifilar helix [1], crossed drooping dipoles
[1], and crossed slots [2,3,4]. One original feed mechanism for the crossed slot is
shown in Figure 1. Impedance matching requirements led to greater use of the

feed arrangement shown in Figure 2.

3. MICROSTRIP CROSSED SLOT ANTENNAS

Crossed-slot antennas provide excellent wide angle circular polarization. Low
profile crossed-slot antennas can be much thinner than either the quadrifilar helix
or the crossed drooping dipole antennas, which is valuable on airframes or other
installations where the benefits of reduced volume are typically desired.
Conventional crossed-slot antennas used a conductive cavity to contain the
parallel-plate modes used to excite the slot radiation. Several drawbacks presented

themselves with this type of construction. In order to achieve resonance, the slot
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length is required to be half-wavelength in the dielectric. This placed a minimum
on the size of the radiating element, and as a result, the beamwidth of the pattern.
The beamwidth could be broadened by increasing the dielectric constant, but this
increased the Q of the cavity, reducing the impedance bandwidth. Also, dielectric
loading increased the cost of the element due to the use of more expensive
materials. Construction of the conductive cavity also proved costly. Stripline
implementations using mode suppression screws, eyelets, or vias to form the

conductive cavity were employed to improve construction yield.

In an effort to eliminate many of the inherent disadvantages of the conventional
crossed-slot implementations, work began on microstrip versions of widebeam
circular polarization antennas. One of the first microstrip crossed-slot antennas is
shown in Figure 3 [5]. The antenna consists of four quarter-wave microstrip
patches arrayed in a turnstile fashion. The patches are then fed in phase
quadrature. This antenna used the more complex arrangement of Figure 2 to feed

the patches in a very conventional manner for microstrip elements.
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4. IMPROVED MICROSTRIP CROSSED-SLOT WITH INFINITE
BALUN FEED

Evaluation of the microstrip crossed-slot showed that an infinite balun could be
used to reduce the complexity of the feed network. The concept of the infinite
balun is not new, having been used for spiral antennas [6], but this is the first
known application to the microstrip crossed-slot. A microstrip line implementation
of the infinite balun for single linear polarization is shown in Figure 4. The
transition from the unbalanced line to the balanced patch configuration excites the
'patch pair' 180 degrees out of phase. The orientation of the patches results in
constructive combination of a hemispherical pattern broadside to the element. This
feed configuration is repeated for the perpendicular 'patch pair', giving dual linear
polarization. These two modes can then be fed with a simple 90 degree hybrid to
achieve circular polarization. Feeding the element in this manner results in fewer
components, lower parts count, and lower cost. Measured port-to-port isolation
for the two linear modes was in excess of 20 dB. A typical input impedance plot
of a linear port before the hybrid is shown in Figure 5 and Figure 6 shows the
match into the hybrid for the CP mode. Figure 7 shows a typical radiation pattern
for the circularly polarized configuration. Note the broad beamwidth and low
cross-polarization performance of this antenna. The overall dimensions of this

antenna configuration measures 24 x 24 x 2.5 inches.
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The microstrip implementation of the infinite balun has the further advantage that
broadbanding methods can be incorporated directly into the feed circuit. By
controlling the width of the feeding line a second order resonance was achieved,
increasing the impedance bandwidth. For an air-loaded element .05\ thick, a
bandwidth of 30% was achieved (2:1 VSWR). This was measured for both the

dual linear mode and the CP mode.

As stated previously, one disadvantage of the conventional crossed-slot is the need
for the A/2 slot length. By reducing the width of the quarter-wave patches they
can be placed closer together resulting in a much smaller package. This
configuration is illustrated in Figure 8. The loss in bandwidth as a result of
decreased patch width can be recovered by increasing the thickness of the patches.
Radiation patterns of this reduced size element are given in Figure 9. The patterns
are of an isolated element, without any additional ground plane. The axial ratio

was less than 2 dB across the UHF SATCOM band.

5. CONCLUSION
This paper has presented a new implementation of a microstrip crossed-slot

antenna that results in lower overall costs. The integration of broadbanding
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techniques results in performance exceeding that of other similar function antennas
including drooping dipoles, cavity-backed slots, and spirals. The antenna has been
appliéd to many applications, including vehicular, aircraft, and manpack versions.
The cost savings realized through the new feed method has allowed the design to

penetrate new markets quickly and effectively.
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Figure 5. Typical input impedance of linear polarized 'patch pair'.
(Markers 1 and 2 are 240 and 318 MHz, respectively)

Figure 6. Typical input impedance of CP mode through 90 degree hybrid.
(Markers 1 and 4 are 240 and 318 MHz, respectively)
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Figure 7. Typical radiation pattern of 24 x 24 x 2.5 inch pi-strip cross-slot element
shows broad beamwidth (260 MHz).
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Figure 8. Sketches show comparison of 24 and 14 inch configurations for same
frequency of operation.
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element shows broad beamwidth performance (270 MHz).
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DUAL BAND TWIST REFLECTOR SEEKER ANTENNA

J. Lane and R. Kliger
Raytheon Electronic Systems
50 Apple Hill Drive
Tewksbury, Massachusetts 01876

Abstract: A prototype monopulse antenna has been developed for a missile seeker
application. The design uses a prime focus parabolic reflector with a dual band twist
reflector. The antenna operates at both X- and Ka-Band.

The twist reflector seeker antenna concept has some attractive features as compared
with other seeker antenna concepts. It has a fixed feed which eliminates the cost and
complexity of a rotary joint in an active seeker, the parabolic reflector and all receiver
and monopulse circuitry is mounted off gimbal resulting in a low inertia light
gimbaled mass. The antenna beam scans at twice the mechanical scan rate of the
gimbal. This provides 55 degrees of conical scan coverage for only 27.5 degrees of
movement. The concept developed also provides a means to combat the cross
polarization jammer using body fixed cross polarized interferometer elements at Ka-
band.

1. Introduction

A missile seeker antenna is typically located behind the nose cone, or radome, in the
front end of a guided missile. Using monopulse, or some other lobing, the seeker
antenna is used to track a given target in angle. The seeker antenna is usually
mounted on a two axis "pedestal and gimbal” assembly for mechanical steering. An
electromechanical closed loop system drives the antenna to maintain mechanical

alignment with the target in two axes, azimuth and elevation.

A prototype monopulse antenna has been developed for a missile seeker application.
The design uses a prime focus parabolic reflector with a dual band twist reflector.

The antenna operates at both X- and Ka-band.
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The twist reflector seeker antenna concept has some attractive features as compared
with other seeker antenna concepts. It has a fixed feed which eliminates the cost and
complexity of a rotary joint in an active seeker, the parabolic reflector and all receiver
and monopulse circuitry is mounted off gimbal resulting in a low inertia light
gimbaled mass. The antenna beam scans at twice the mechanical scan rate of the
gimbal. This provides 55 degrees of conical scan coverage for only 27.5 degrees of
movement. The concept developed also provides a means to combat the cross

polarization jammer using body fixed cross polarized interferometer elements at Ka-

band.

At X-band the antenna is used in the semi-active (receive only) mode, meaning the
target is illuminated by a source other than the missile. At Ka-band the antenna
operates in the active (transmit and receive) mode, meaning the target is illuminated
by an transmitter within the missile itself. There is also a passive interferometer mode
at Ka-band which is polarized orthogonal to the primary mode for tracking radiating

targets.

The antenna as constituted for this program consists of four main components; a dual
band feed / monopulse, a special parabolic reflector called a transreflector, a dual
band twist reflector and the interferometer antenna elements. The twist reflector is the

only component mounted on gimbal. A block diagram is given in figure 1.
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2. Functional Description

A diagram illustrating how the antenna works is shown in figure 2. Described in
transmit mode, the antenna functions as follows. The parabolic transreflector is
illuminated by a linearly polarized wave front emanating from the dual band feed
aperture located at the transreflector focus. Parallel grid lines etched on the
transreflector surface are properly spaced to appear opaque to the feed polarization
and transparent to the orthogonal polarization. Thus, incident energy from the feed
is collimated and reflected back towards the twist reflector. The twist reflector,
mounted on a gimbal, reflects the incident wave front with a 90 degree polarization
rotation in a desired direction. The energy then passes through the transreflector
unimpeded. Note that the direction of reflected energy is at twice the angle of the
twist reflector off the forward axis. Tracking is performed using conventional

monopulse tracking techniques.

Three interferometer antenna elements and a guard element are positioned at 90
degree intervals around the forward perimeter of the transreflector. The
interferometer elements are polarized orthogonal to the main antenna. They are used
to track potential cross polarization jammer targets. The guard element, located at
missile O degrees, is polarized co-linear to the main antenna. It is used to discriminate

between targets in the main beam of the antenna versus targets off the main beam.

82




3. Component Design Summary
The prototype seeker antenna was form factored and packaged to fit within the
missile envelope. A summary of the mechanical design and electrical performance of

each component in the antenna is given below.

3.1. Antenna & Test Fixture

A photograph of the antenna mounted on the test fixture with the transreflector
removed is shown in figure 3. The twist reflector is shown with the feed protruding
through its center. The test fixture was a key design tool during the breadboard stage
of the antenna development. It simulates the gimbal by providing two axis, azimuth
and elevation, motion with a pivot point centered on the twist reflector. This pivot

point was specifically chosen to minimize the size of the clearance hole for the feed.

The test fixture provides an axial adjustment for focusing the transreflector relative to
the feed. This is achieved with mechanical slides and a micrometer adjustment. The
micrometer makes it possible to measure small differences between the X- and Ka-
band feed aperture focal points. The feed focus can then be trimmed accordingly.
There is also an axial adjustment for positioning the twist reflector relative to the feed.
It was confirmed that the position of the twist reflector has only second order effects
on the gain and sidelobe performance of the antenna. A position was selected
approximately 0.5 inches behind the feed aperture so that no shadowing occurs when

gimbaling.
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A photograph of the test fixture with the transreflector attached is shown in figure 4.
The interferometer and guard antenna elements can been seen mounted on top. A
focal ratio was selected to maximize the size of the antenna aperture and to minimize
the size of the feed blockage. This design has a 7.384 inch diameter parabola with a

3.0 inch focal point giving an F/D ratio of 0.4.

3.2. Dual Band Feed / Monopulse
The dual band feed / Ka-band monopulse is an integrated waveguide package. It was
designed and manufactured by M/A-COM, Inc. of Burlington, MA. A photograph of

the unit is shown attached to a test adapter (figure 5).

One of the main goals of the design was to keep the aperture as small as possible.
This minimizes the size of the twist reflector cutout required and subsequent blockage
effects. The feed shown has four X-Band apertures and four Ka-Band apertures in a
1.0 inch diameter. The Ka-band feed aperture shown, (center portion ‘of feed), is fed
by four WR-22 rectangular waveguides. The Teflon dielectric window over the feed
aperture serves to allow pressurization of the feed for high power transmission at
altitude. The X-band aperture consists of four tapered ridged waveguides. Each
ridged waveguide "quadrant” is fed by an end launched coaxial to waveguide

transition.

The X-band monopulse comparator is built in stripline using four quadrature
hybrids. Two layers of 0.031 in. thick Duriod 5880 was used. The unit fits flush

against the Ka-band output flange and feeds the four X-band waveguide quadrants
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using surface launch connectors and short sections of coaxial line . A cutaway of a
portion of the artwork against the Ka-band output flange is shown in figure 6. A

calibration port, not shown, provides -30.0 dB of coupling to the four outputs.

The input return loss of the eight ports of the X-band comparator is better than -15.0
dB over the frequency band. The amplitude balance of the four quadrant outputs
when feeding the sum or difference output is within 0.5 dB. The insertion loss of the
comparator is approximately 0.9 dB. The phase balance of the unit is within 8§

degrees. Further fine tuning of the phase and amplitude can be made on a future

unit.

3.3. Transreflector

The transreflector is designed to totally reflect the incident feed polarization while
passing, with minimal loss, the orthogonal polarization. It must do this equally well at
both X- and Ka-band. Total reflection is achieved by a series of closely spaced grid
lines placed on the parabolic portion of the transreflector. Energy from the feed
polarized parallel to the grid lines is reflected while energy off the transreflector
polarized perpendicular to the grid lines is passed with minimal loss. A tradeoff was
performed to determine the optimum line width and spacing. Typically a line width
to line spacing of 0.5, with the line width being much less than the shortest
wavelength, provides very high reflection for parallel incidence and very low loss for

perpendicular incidence. A line width of 0.010 inches was used here.
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The support for the grid lines must have both very low loss at X- and Ka-band as well
as be mechanically sound for a missile environment. This was achieved by using a
three layer cross section. The three layers provide the degrees of freedom required to
tune the transmission loss at the two operating frequency bands. The core material is
a glass reinforced phenolic honeycomb. The laminate skin on each side of the core is
composed of two layers of quartz fabric bonded with an epoxy resin. The cross
section, shown in figure 7, is both lightweight and very strong. The measured
transmission loss of the transreflector at both bands is at or below 0.25 dB. The
reflection loss for a co-polarized wave incident on the grid is negligible.

Measurements were made on flat test panels using waveguide simulators.

The forward portion of the transreflector is parabolic just as with a conventional
reflector antenna. The side walls serve as the support structure for the parabolic
portion and for the interferometer cables laminated between the transreflector walls.
The side walls are of the same cross section as the parabolic surface. This minimizes
amplitude and phase distortion when scanning the antenna. A boresight error (BSE)
analysis was done to select the optimum corner radius between the parabolic portion
of the transreflector and the side walls for minimizing its effect on electrical
performance. A radius which is too large consumes too much of the aperture, a
radius which is too small could have an adverse effect on the BSE or sidelobes. Laser
etching technology was used to accurately apply the grid pattern to the inside surface

of the transreflector.
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3.4. Twist reflector

The design goals for the twist reflector were as follows: 1) Minimize the undesired
polarization magnitude . This is a measure of how well the twist reflector converts the
incident polarization to the orthogonal polarization. This was optimized over both
frequency bands and O to 27.5 degrees incidence angels. 2) Minimize the dielectric
and conductor losses. 3) Minimize the weight (a critical gimbal requirement). 4)

Select materials which meet the environmental requirements.

The design is based on a theoretical model developed by Howard and Cross!. The
theory was modified for modeling flat metallic strips rather than round conductors
which make its fabrication amenable to standard etching techniques. Susceptance
equations for round wires were replaced with those for flat strips given in Marcuvitz2.
The theoretical model was quite accurate, however, empirical design methods had to

be used to optimize the twist reflector performance. Measurements were made at both

frequency bands on test panels using waveguide simulators.

The design is composed of two layers of parallel grid lines each printed on a 0.001
inch thick layer of Kapton substrate material. The grid lines are oriented at 45
degrees to the feed polarization. Each layer is then bonded to a spacer layer of low
loss, low dielectric closed cell Rohacell foam. The bond film, KEENE 6250, was
chosen for it's excellent electrical properties and because the required bonding
temperature is compatible with the Rohacell. A cross section of the design is shown in
figure 8. It weighs only 3 ounces. The entire structure is then bonded to a light

weight metal support plate.
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The measured reflection loss of the twist reflector at both bands is below 0.25 dB.
The twist reflector provides a 90 degree polarization rotation with a resultant axial
ratio of better than 20.0 db over most of the operating band and incidence angles.
The diameter of the twist reflector is 7.7 inches. A 1.54 inch diameter hole is cut in

the center to accept the feed and to allow clearance for gimbaling.

3.5. Interferometer and Guard Elements

The AAAM antenna also includes Ka-Band body fixed antenna elements for the
interferometer mode and guard channel. The elements are linearly polarized and
provide reasonable gain coverage over a full 0 to 55 degree cone centered on missile

boresight.

The interferometer and guard antenna elements consist of a rectangular microstrip
patch element soldered to a "direct cable attach” connector. This provides an
extremely light weight and compact design for mounting on the transreflector. The
patch element was etched on 0.020 inch thick Duriod 5880. A feed pin is inserted
through the top surface of the patch making contact with spring fingers inside the
connector. The polarization of the patch is determined by the feed probe location.
The coaxial cables are imbedded between the side walls of the transreflector and the
patch elements are held in place with small dielectric supports bonded to the surface

of the transreflector (see figure 4).
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Antenna pattern measurements versus scan have shown that the interferometers have

negligible effect on the main antenna pattern performance.

4. Discussion of Results

The measured pattern performance of the antenna at X- and Ka-band respectively is
shown in figures 9 and 10. The efficiency of the antenna including the monopulse
comparators is approximately 35% at X-Band and 40% at Ka-Band. There is a further
gain reduction of 0.5 dB over the 55.0 degrees of scan. The sum side lobe level
varies between 13 and 18 dB depending on the frequency, cut plane and scan angle.

The difference sidelobe level varies between 14 and 22 dB.

Several problems were identified with the prototype dual band feed / Ka-Band
monopulse unit. At Ka-band the iris used to tune the magic-T junction between the
H-plane delta and the delta-delta channel was off. The isolation between these ports is

low resulting in a low H-plane difference channel gain as seen in figure 10.

At X-band, the low gain in the H-plane delta pattern can be attributed to mutual
coupling between the X-band feed quadrants. The isolation between adjacent co-
polarized ports is only 10.0 dB, between diagonal ports it is only 14.0 dB. Between
opposite ports the isolation is 20.0 dB. The active VSWR (S11+S12+S13+S14) for
the sum and difference channels was calculated for one quadrant of the X-band feed
aperture at the low, middle and high end of the frequency band. All four quadrants

are approximately equal. The results are summarized in Table L.
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TABLE I: ACTIVE VSWR VERSUS FREQUENCY AND CHANNEL

OF THE X-BAND FEED APERTURE

Low Middle High
Sum 1.8:1 1.4:1 2.2:1
E-Plane Delta 1.5:1 2.0:1 1.5:1
H-Plane Delta 5.2:1 3.8:1 4.8:1

Although the input match of the individual ports with the others terminated in 50
ohm loads is quite good (1.2:1 or better) the active impedance as seen by the H-plane

difference channel of the X-Band comparator is not good causing the low gain.

The cross polarization of the antenna is generally better than 25 dB over all

frequencies and scan angles. The null depth is also generally better than 25 dB.

5. Recommendations for Improvement
Eliminate the mutual coupling problem of the X-band feed aperture. A second source
for the breadboard feed used dielectric loading in place of ridge loaded guide. That

feed, which had a slightly larger aperture, did not have the problem with mutual

coupling.
o

Correct the isolation problem in the Ka-band magic-T junction.

Investigate alternate feed apertures for improving feed illumination efficiency.
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Use suspended stripline for the X-Band comparator to reduce the insertion loss.

6. Summary

A prototype dual band twist reflector seeker antenna with body fixed interferometer
elements was successfully built and tested. The gain and pattern performance of the
antenna at each frequency band is comparable to a conventional prime focus reflector
of similar aperture size. The performance versus scan of the antenna and the
polarization purity, both concerns early in the program, has been shown to be

excellent.

In summary, the twist reflector antenna concept demonstrated can provide an effective

approach to the multi-mode monopulse seeker.
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“A-Sandwich” Construction

1 Mil
conaucting G T
Quartz Fiber Epoxy Resin Thin Layer
Adhesive
Phenolic Honeycomb 0.070 In.
........................................... Thin Layer

Quartz Fiber Epoxy Resin — ezzzzrzzzzzzzzrzrrzzzz 0.010 In

Figure 7 Transreflector Cross Section

Two Lavyer Grid Structure

2 Mil
Conducting Grid on Kapton ;: 1 Mil
Adhesive e
Closed Cell Rohacell Foam—" 0.032 In.
Adhesive .
Conducting GridonKapton—1y, ; m::
Adhesive— . 1 Mil
Closed Cell Rohacell Foam —, i nrnmrrmrre 0.1121n.
Adhesive = 1 Mil

Conductive Support Disk —» =rrrzrzrzzrrzzrrzzn 0.080 In.

Figure 8 Twist Reflector Cross Section
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Ka-Band Five Horn Feed

Michael Del Checcolo
Jeff Lane
Raytheon Electronic Systems
50 Apple Hill Rd
Tewksbury Ma, 01876

Abstract: A prototype Ka-band Five horn monopulse feed has been developed. It
is intended to be used as a prime focus reflector feed in a missile seeker. The feed
is composed of two main waveguide components, two magic tees that produce the
two difference channels, and an Ortho Mode Transducer (OMT) which generates
the two orthogonal sum polarization's necessary for this dual polarized antenna.

The five horn feed has several advantages over the more common 4 horn feed
approach. For example, the sum and two difference channels are independent and
therefore each channels radiation pattern can be independently tailored without
degrading the other's performance.

The design approach as well as tradeoffs that were made during this prototyping
effort will be presented and explained. Finally, the measured and predicted

performance of the five horn feed illuminating a reflector antenna will also be
presented.

1.0 Introduction

A new feed and reflector approach has been conceived which has the potential for
no less than 36 dB gain in the Ka-band frequency range. The approach consists of a
five horn feed and a dichroic parabolic reflector. A breadboard feed has been
designed, fabricated and tested. This paper will concentrate on the feed design and
measured results from the breadboard fabrication. These measurements include

return loss, isolation, primary feed patterns, secondary reflector patterns and gain.

Finally, ways of improving the feed performance will be discussed as future work.
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2.0 Design

The design of this five horn feed, which will be here after referred to as the feed,
was a collaborate effort between Raytheon and Microwave Development
Laboratories (MDL). MDL supplied the waveguide manufacturing capability as
well as expertise in waveguide component design. To minimize cost, "Off the

shelf" components were used wherever possible.

The feed is made up of two main waveguide components; the Ortho Mode
Transducer (OMT) and the Magic Tee. A single OMT is used to transmit the two
polarization's of the sum pattern. An OMT is a three port device with two inputs
and one output. Each of the input ports transmits one of two orthogonal
polarization's through the output port. This is an off-the-shelf item that was

developed by MDL.

The two delta channels are transmitted through two identical Magic Tee's. Only the
difference port, of the magic tee, which causes equal amplitude and a 180° phase
difference at the two outputs is used. The sum port of each Magic-T is terminated.
A Ka-Band Magic Tee component was not an "off the shelf” item. It was designed
with the aid of Hewlett Packards High Frequency Structure Simulator (HFSS).
This software package was used to optimize tuning structures inside the waveguide
Magic Tee in order to maximize both input return loss and the isolation between
ports. An equal power split between output aperture ports was also optimized with
the help of HFSS. The final HFSS model predicted a input VSWR of less than

1.1:1 and this was later confirmed with measurements made by MDL.
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The E and H plane bends used to correctly orient the feed apertures from the magic
tees and OMT were off the shelf components provided by MDL. With all of the
components which make up the feed designed, the next design task was to correctly
orient the apertures for optimum reflector performance. Figure 1 contains a

schematic of the feed.

Input Ports
S w hw
OMT Magic
Tee
1 2 3 4 5
Output Apertures

Figure 1: Five Horn Feed Schematic

The following range of parameters (see Figure 2) have been shown to yield near
optimum gain performance for a five horn feed illuminating a parabolic reflector
within the required seeker volume. These values were optimized using the "Ref1"
program written by Dr. Yueh-Chi Chang of Raytheon Co. This program models

reflector gain and pattern performance for various feed input data.
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Diameter (D) =11.0in.

F/D =0.35
A = 0.551 to 0.61
B =0.91
C =09
A
B —>
Parabolic
Dish
4
F
2 1 3 Al D
C
G Focal
Point
(Feed Location)
A
[—P>
Front View of Feed Aperture Side View of Parabolic Reflector

Figure 2: Reflector Antenna Dimensions

The numbers seen in Figure 2 correspond to the output aperture numbers seen in
Figure 1. The OMT output port inner wall dimension (A) is 0.57A square. As can
be seen in the front view of the feed aperture in Figure 2, the Azimuth and Elevation
channels phase center aperture spacing (B) and (C) are limited by the sum channel
aperture size (A), the finite thickness of the waveguide walls and the orientation of
the WR-28 waveguide opening which are serving as the delta channel apertures.
With these limitations, the Elevation channel phase center spacing (C) is limited to
1.42.. Because of the orientation of the broad wall of the WR-28 waveguide for the

Azimuth channel, the phase center spacing (B) is limited to 1.81. This waveguide
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orientation is necessary in order to correctly orient the electric field polarization.
The electric field polarization for each of the five apertures which make up the feed

can be seen in Figure 3.

o~
Y

+ 2 (Dual Polarized)

N
S

" Figure 3: Polarization Diagram of feed

In order to reduce these spacings (B and C) several things were done. Figure 4

illustrates the changes that were made in order to reduce these spacings to there

optimum spacing.
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Figure 4: Aperture Configuration

As can be seen in Figure 4 the phase center aperture spacing for the Elevation
channel was reduced to the optimum value of 0.9A. This was accomplished by
sharing the cbmmon walls between the OMT output and the broad wall of the
waveguide which make up the Elevation channels apertures. In order to further
reduce this spacing a metal cover plate is placed over half of each of the waveguide
apertures. This effectively moves the waveguide phase centers closer to the

common wall between the OMT and the WR-28. This approach also improves the

feeds input match.
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The common wall approach was again used to reduce the spacing between the
Azimuth channel apertures. To further reduce this spacing the waveguide has been
tapered and dielectrically loaded so that the waveguide would not be cut off at the
design frequency Fo (Figure 5). Emerson and Cummings Stycast High K was
used as the loading material. This material has a dielectric constant (€;) of 3.8.
Using this approach a spacing of 1.1A was achieved. The optimum 0.92 could be
achieved by using a higher dielectric loading material which would allow the
aperture size to be reduced even further. This was not done because a higher €;
degrades the waveguide's match to free space. This compromise in aperture spacing

results in a loss of delta azimuth peak gain of less than 0.1 dB.

3.0 Modeling

HESS was found to be an invaluable tool in optimizing the tuning structures inside
the magic tee. These tuning structures were used to optimize input and output
return loss, insertion loss and isolation. Table 1 outlines the final results predicted
by HFSS for the optimized magic tee model. While this data was taken at the
design center frequency Fo, the HFSS magic tee model was swept over frequency

and found to have more than enough bandwidth for this application

Table 1: HFSS Model Data for Magic Tee

Measurement Measured Results At Fo
input Return Loss | . 25dB
output Return Loss 30dB, 32 dB
Isolated Return Loss 23 dB
Power Split 3.0dB
Isolation 49 dB
output Delta Phase 180 .0°
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From this HFSS magic tee model the feeds two delta channels were modeled by
adding the appropriate E and H plane waveguide bend along with straight sections
of WR-28 to correctly orient the feed apertures. A separate HFSS model was also
used in order to optimize the loaded waveguide apertures match to free space by
placing a 377 Q impedance dome over the aperture. Figure 5 illustrates a sketch of
the final model. This loaded waveguide model was added to the Azimuth channel

model in order to fully analyze both channels.

Top View

WR28 Matching Loaded Loading Material
Region Waveguide ¢=3.8

Side View
Figure 5: Loaded Waveguide Sketch

The predicted data from these models can be seen in Table 2. This data was also
taken at the design center frequency Fo but again a frequency sweep revealed that
the addition of this waveguide hardware did not dramatically affect the magic tee's

bandwidth performance.
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Table 2: HFSS Model Data for Delta channels

Return Loss | Insertion Loss | Isolation | Output A Phase
Azimuth channel] | -17 dB 3.0dB -49 dB | 180.06°
Elivation channel | -23 dB 3.0dB -53dB | 179.94°

The slight degradation in the Azimuth channels return loss can be attributed to the

dielectric loading of the output ports.

The OMT was not modeled because measured data was available for this
component. The input return loss radiating into free space was measured to be
better than 15 dB for each of the input ports across the entire frequency of interest.
The isolation between input ports was measured to be better than 30 dB across the

same bandwidth. These results were acceptable for this application.

Using the "REF1" program the feed in its final configuration, seen in figure 4, was
analyzed illuminating an eleven inch parabolic dish. An F/D ratio of 0.35 was
used. The predicted H-plane pattern is presented in Figure 6. This pattern shows a
gain of 36.4 dB and a sidelobe level of -22.0 dB. The 3 dB beam width was also
predicted to be 2.2°. With the feed and the seeker antenna fully modeled and

optimized the feed design was sent for fabrication of the first engineering model.

4.0 Fabrication
The feed was fabricated by MDL. The individual components were made of
Aluminum and a brazing process was used for their assembly. The dielectric

inserts were machined for the breadboard design but will ultimately be cast. The
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fabrication of the feed, which is very tightly packaged, was a success; however, an
error was made in the layout of the feed. The input difference port of the delta
elevation channel was mistakenly terminated while the sum port was fitted with an
input waveguide flange. This means instead of producing an elevation response
this port produces a sum pattern which is not usable. While the delta elevation
channel could not be evaluated the two sum channel responses as well as the delta
azimuth channel could. The delta azimuth channel is considered more crucial to the
design than the delta elevation channel. This is because dielectric loading is used in
the azimuth channel and the phase center is not entirely optimized as discussed

previously.
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Figure 6: Predicted H-Plane Pattern of 11 inch Parabolic Dish With 5 Horn Feed
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A photograph of the final feed assembly can be seen in Figure 7. This photo is a
view of the feed facing the output apertures. A scale has been included so that the
small size of the feed can be appreciated. Please note that WR-28 waveguide
flanges have been attached to each of the input ports for testing purposes. In the

final form factored design these will be replaced with waveguide struts.

5.0 Measurement Results

Return loss and isolation measurements were made on the Hewlett Packard 8510C
Network Analyzer with all feed apertures radiating into "free space” and WR-23
waveguide loads terminating all unused ports. The return loss measurement results

can be seen in Figure 8.

— SUM Vert.
—— SUM Horz.
e Delta AZ

Return Loss (dB)

Freq. (GHz)
Figure 8: Feed Return Loss
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The low and high frequency band edges for the seeker requirement are labeled as Fr,
and Fy in Figure 8. All three measured channels have better than 15 dB return loss
at the center frequency (F,). The Sum Vertical and Delta Azimuth channels sustain
a 17 dB return loss across the entire bandwidth while the Sum Horizontal channel
degrades slightly at the low end of the frequency band to approximately 13 dB.
Figure 8 was plotted over such a broad frequency range to indicate the large
potential bandwidth achievable with this feed design. Secondary pattern and gain

measurements taken at 2 GHz above F, show excellent performance.

The isolation measurement results are presented in Figure 9.

] = Sum V.-Sum H
: : : —— Sum V.-Delta Az

e Sum H.-Delta Az

.............................................................

Isolation (dB)

L F H
Freqg. (GHz)

Figure 9: Isolation Measurement
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All ports are isolated by better than 30 dB across the frequency band of interest.
Again this feed design shows a much broader frequency response. Note that even
the two sum channels, which utilize the same output aperture are isolated by better

than 30 dB.

Next, the primary principle plane feed patterns were taken. All primary feed
pattern data was measured in an Anechoic Chamber. All primary feed pattern data
was taken at the center design frequency Fo, and was measured in dBi. Figures 10
and 11 show the Sum Vertical (E-plane cut) and the Sum Horizontal (H-plane cut)

with the Delta Azimuth pattern overlaid respectively.

15_5 — Sum E-Plane |- ....... ....... ....... ....... ........ ....... .......

Gain (dBi)

T

A RS L L i i L R AR

-90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90
Angle (deg)

Figure 10: Primary Feed Pattern Sum Horizontal E-Plane Cut
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Figure 11: Primary Feed Pattern Sum Horizontal and Delta Azimuth H-Plane Cut

From the above figures it can be seen that the gain of the feed Sum E and H
channels is 7.5 dBi. The edge tapers of the Sum E and H polarizations at 72° are
10 dB. The edge taper of the Delta Azimuth channel at 72° is 15 dB. This is
slightly lower than the ideal value calculated by the Chang program because the
aperture spacing was larger than the optimum. Recall that the Delta Azimuth
channel utilizes the dielectrically loaded waveguide and a compromise was made
between impedance match and aperture spacing. The offset of the Delta Azimuth
channel null is caused by the crude fixturing used to make the breadboard

measurement.

The feed was next attached to a reflector antenna in order to measure the antenna's

secondary pattern and gain performance. The feed was designed to illuminate an 11
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inch parabolic dish but because this reflector was not readily available, a 13 inch flat
reflector, designed by Dan Fontaine of Raytheon Co., which operates at the desired
frequency (fo) was used for these measurements. This flat reflector uses printed
crossed dipoles which are phased to emulate a parabolic reflector. While this
replacement will not yield the optimum performance it will allow a figure of merit to
be placed on the feed design. The anechoic chamber receiver was calibrated to dBi
with a standard gain horn so that all measurements would be referenced to actual
gain. The feed was also attached to the reflector using 2 micrometer so that it could
be moved in order to find the optimum focal point of the flat reflector. This

distance was found to be 4.9375 inches.

First, the feed/reflector antenna assembly was measured at 11 discrete frequencies
between Fo-.5 GHz and Fo+.5 GHz in order to find the maximum gain point. A
maximum gain of 36.9 dBi was measured at Fo-.1 GHz. This data can be seen in

Figure 12.
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Figure 12: Gain Versus Frequency

The degradation of the gain performance at the high and low frequencies is
primarily caused by the bandwidth limitations of the flat reflector. A gain of 36 dB
across the entire 1 GHz span has been predicted for the 11 inch diechroic parabolic

reflector antenna.

Next, pattern data was taken at Fo-.1 GHz. The Sum and Delta Azimuth channel

patterns were measured (figure 13).
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Figure 13: H-Plane Sum and Delta Azimuth Reflector Antenna Patterns

The sum Channel gain was measured to be 36.9 dBi. The sum 3 dB beam width 1s
1.79° and the RMS Side Lobe Level (SLL) is -0.9 dBi. The pattern is also shown

on an expanded scale in Figure 14.
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Figure 14: H-Plane Sum and Delta Azimuth Reflector Antenna Patterns

The highest sidelobe, at +3° in the sum pattern, was found to be caused by the Delta
Elevation channel's input flange This was verified by rotating the feed antenna by
180° and re-measuring the pattern. This sidelobe may be reduced when the flange
is eliminated in the final design. The next highest SLL of the Sum and Delta
Azimuth channels is 21 dB at 6° scan angle. The difference in gain between the
Sum and Delta Azimuth is 2.3 dB. The Delta Azimuth null depth with respect to the
Sum beam peak is 27 dB. The delta null is offset from the sum peak slightly since

the sum and difference measurements had to be fixtured and measured individually.
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The E-plane cut is shown plotted in Figure 15.

40 :

] ; : : i | Gain= 36.9 dBi
354 = SumE-Plane |- R -1 3 dB Beam Width = 1.79°
304 B | Rms sLL = -8.224Bi

1 il Freq= FO-O.I GHz

Gain (dBi)

-90 -80 -70 -60 50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90
Angle (deg)

Figure 15: E-Plane Sum Reflector Antenna Patterns
In this plane the Sum 3 dB Beamwidth is also 1.79" showing excellent symmetry

and the RMS SLL is -5.1 dBi. The expanded view of this data is shown in Figure
16.
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Figure 16: E-Plane Sum Reflector Antenna Pattern

The Sum first SLL in the E-plane pattern is approximately 17.0 dB. This is caused
by the presence of the broad wall of the WR-28 waveguide which is used in the
breadboard setup to feed the sum input flange. The next higher sidelobe is at -25.4
dBi. The final sidelobe structure will be determined when the next iteration of feed

with waveguide struts and a parabolic reflector is measured.

6.0 Conclusions

The measured results obtained from the first engineering model of the Ka-band five
horn feed are very promising. A sound design procedure and accurate modeling
tools have been found for the design of this five horn feed. The data compiled from
this first engineering model has proven that a five horn feed can produce reflector

antenna patterns which are desirable in a seeker system.
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The following has been identified as future work. First, the correct elevation port
will be terminated so that the elevation channel can be evaluated. Next, the long
straight waveguide sections in the delta elevation channel (labeled 9447 in Figure 7)
will be shortened in order to further reduce feed blockage. A 1.5 inch diameter
metal plate will be placed over the front of the feed with cut outs for the five
apertures. This is expected to make the reflector patterns more symmetric. Finally,
a form factored feed with struts will be integrated with an 11 inch parabolic reflector

so that more accurate measurements can be made.
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A rigorous technique for synthesis of offset

three-reflector antennas

Vladimir Oliker
Emory U., Atlanta, GA 30322 and Matis, Inc., Atlanta, GA 30329

1 Introduction

The problem of synthesis of offset single and dual reflector antennas has been
studied by many authors [1], [2], [3], [4], [5], [6], [7], [8], [9]. The objectives of
design are to synthesize high efficiency antennas with capabilities to produce
prespecified field amplitude and/or phase on the output aperture, and, at the
same time, minimize energy losses due to spillovers, reduce blockage, achieve
low sidelobes, etc.; see [10]. The geometric optics approximation is usually
used for deriving the corresponding ray-tracing and energy conservation equa-
tions. Most of the known results rely on heuristic arguments and use numerical

calculations in special model cases to justify the utilized approaches.

In our recent paper [11] we described an approach that allows to synthesize a
system with two reflectors satisfying most of the above requirements provided

that the input and output beams are plane wave fronts propagating in the same
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direction. The approach is based on a study of a certain second order partial
differential equation of Monge-Ampeére type for which a rigorous solvability
theory is available. However, the requirement in [11] that the input beam
should be a plane wave does not allow to apply this approach in cases where
the input is a spherical wave front. For instance, in applications involving
reflector antennas it is important to be able to convert a spherical wave front
from a point source into an output plane front and at the same time control
the output energy pattern. In this note we outline an approach for designing
a system with three reflectors that has such capabilities. The basic idea is
to introduce into the system described in [11] a parabolic reflector with the
focus at the source. This will produce a parallel wave front that is required
for the system designed in [11]. In such circumstances one can apply the
technique described in [11] and determine all three reflectors. The approach
presented here allows substantial flexibility in the choice of the parabolic mirror
and of the second mirror. This flexibility is essential for optimizing various
design parameters in addition to producing on the output aperture the required
energy pattern. For example, in such system blockage can be completely
avoided. At least theoretically, spillovers are reduced to zero. Furthermore,
the numerical algdrithm REFSYS developed by us earlier for synthesis of dual
systems with plane input and output wave fronts is adaptable to the situation

described here with only minor modifications.

The paper is organized as follows. First we describe the configuration of the
three-reflector system. Then we derive the main partial differential equation

and show how the results in [11] can be applied in this case as well.

Inquiries regarding synthesis of concrete reflector systems are welcome.
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2 Configuration of the system

Figure 1:

On figures 1 and 2 below we show an offset antenna system with three re-
flectors. The input pupil @ is described by a vector function m(u',u?) in
some coordinates u! and u? on the unit sphere S. Usually, u' = 6, u? =
é are the spherical coordinates on S, and in these coordinates (6, ¢) =
(sin @ cos ¢, sin @sin @, cos§). The bar over w indicates that the boundary dw

of w is included; thus, ® = wlJ Ow.

The following data is assumed to be available to the design engineer.

e The position of the point source;
e The shape, position, and output energy pattern L(p, q);

e It is required that the output front be a plane wave; on figure 1 and in
our description below it is assumed that the output front propagates in

the direction k.
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Figure 2:

The first reflector P is always a rotationally symmetric paraboloid with axis
of the same direction as that of the output front anf focus at O. The position
of the input pupil is chosen by the designer so that the rays reflected off P
do not overlap with the input horn. These are the only restrictions on the
ceflector P. This leaves substantial flexibility to the designer in choosing the
input pupil, in particular, its size, direction, etc. One should only remember
that the second mirror will be positioned so as to intercept the plane wave
produced by P. The radiation pattern I of the source is subject only to the

energy balance requirement (see eq. (13) below).

The system that we want to synthesize 1s required to convert the spherical
wave front from O with input energy pattern I into a plane wave front pass-
ing through a prespecified output aperture T with output intensity pattern
L(p, q), where p,q are the coordinates on the output plane front propagating
‘0 direction of the vector kh. On the figure 1 the output energy pattern is

shown to be uniform. In addition, the shape of the output aperture is also
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prespecified; for example, on figure 1 it is shown to be elliptic.

The input power pattern I(rn) is specified for the point source O as a function
of the input direction 7 € w. The vector function describing the reflector P

is denoted by p(rh) = p(), M € @, where p is the polar radius of P.

Denote by Q the region on the z = 0 plane onto which the reflector P can be
projected. Since P transforms the spherical wave into a plane wave propagat-
ing in direction k the region {) is well defined. Each point (z,y) € Q) can be

written now as z = z(),y = y(m) with m € @.

Consider now the second and third reflectors. We treat (z,y) € {2 as indepen-
dent variables and follow the development in [11]. A ray from the source O is
reflected off P, passes through a point z,y propagating in the direction of the
unit vector k = (0,0,1), strikes the second reflector F', reflects off F' in the
direction of the unit vector 7i(z,y), strikes the third reflector GG, and reflects
off it, again, in the direction k. The reflector F we describe by a function
z(z,y), (z,y) € Q. For simplicity, we assume that z > 0 in Q). By adding a
suitable constant to z this assumption can be always satisfied. In vector form
F is given by the vector function r(z,y) = (z,¥,2(z,y)), (z,y) € Q. Denote

by # the unit normal vector on F'. Put z, = %, Zy = g—;. Then

(=Dz,1)

Y

The unit vector f(z,y) in the direction of the ray reflected off ¥ can be found

Dz = (24, 2y). (1)

by applying Snell’s law,
5=k —2(k- 7). (2)

Denote by t(z,y) the distance from reflector F to reflector G along the ray
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reflected in the direction 7i(z,y) and let s(z,y) be the distance from G to the

output aperture T along the corresponding ray reflected off G.

The optical path length from the plane z = 0 to the output aperture T corre-
sponding to the ray associated with the point (z,v) is denoted by I'(z,y) and
it is given by

U(z,y) = 2(z,y) + t{z,y) + s(2, y)- 3)
Because (z,y) is the distance between input and output fronts, we have (see

[12]):

I'(z,y) = const. (4)

Similarly, let ¢(h) = —p(™) - k. Then |q| is the distance from the point
p()rn on the reflector P to the plane z = 0. The optical path length " =
p(7) + |g(7)] is also constant for all 7 € . The total optical path length

(OPL) for the entire system is given by

= p() + qlri) + I(a(rh), y (7)) = const. (5)

It is convenient to introduce vector notation for the surface G and the output

aperture T. Respectively, we put

G: Rz,y)=r(z,y)+i(z,9)i(z,y), (z,y) €, (6)

T. V(zy)=R(z,y)+s(z,)k (z,9) € (7)

The complete ray tracing map is given by

+s(z(m), y () k + t(z(m), y())i(z(m), y (M), € &. (8)
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Thus, a point (p,q,d) € T is the image of some 7 € © under the ray tracing
map W, that 1s,
(prg,d) = W(m), meco. (9)

Next, we relate the radiation pattern I(r) of the input beam to the output
radiation pattern L(W (7)) on T. This relation is based on the energy con-
servation law for the energy flow along differential tubes of rays. It will be

convenient to obtain this relation in two steps.

Denote by dzdy the area element in ). Let
Q(n) = p(h) + g()k.

Thus, Q maps @ onto @. The input radiation pattern / and the radiation

pattern I produced by P in () are related as follows:
Idzdy = 1|J(Q)|do = Ido, (10)

where J(Q) is the Jacobian determinant of the map @ and do is the area

element on the sphere S.

Let dpdg denote the area element in T'. Since T is the image of Q under the

ray tracing map V, we have the relation
dpdg = |J(V)|dzdy,
where J is the Jacobian determinant of the map V.

According to the differential form of the energy conservation law [12], p. 115,

L(V(z,y))J (V(z,y))dzdy = +1(z,y)dzdy. (11)
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We assign a & sign to the Jacobian according to whether V preserves the

orientation of §) or reverses it.
Combining equations (11) with (10) and using (9), we obtain

L(W ()T (V(a(), y(1)))J (@) = £I(). (12)
This is the required relation between input and output radiation patterns.

The total energy conservation equation is given by
| 1w, q)dpdg = [ 1)dor (13)
It follows from (12) that

[ Lio.a)dnd = | LOWGR)IV(a() y )1 (QUlde = [ T
(14)

3 The PDE associated with the equation (12)

It will be convenient to assume that the paraboloid P is parametrized by the

z,y variables in the domain Q). This can be easily done and we omit the details.

Since

I(z,y) = 1(z,»)|7(@Q7]; (15)

where Q! is the map inverse to @, and it is well known that J(Q) = p* we

can rewrite the equation (12) in the form

L(V(z,y))J(V(z,y)) = £I(z,9)/p*(z,y)- (16)
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If condition (13) is satisfied then it follows from (14) and (15) that

/;L(V(;c,y))d:cdyz/ﬁ[)]2((3;”1";))d:cdy. (17)

In the following we restrict our discussion to the case where the “+” is taken
in 16. It is shown in [11], formula (14) that under such circumstances the
equation (16) implies that the function z describing the first reflector must

satisfy the equation

L(z + Azw,y + Az)[(1+ Azea) (1 + Azyy) — (Vzmy)' = o728, (18)

where A = I’ — d. It is also shown in [11] that the vector function V is given

by

V(z,y) = (z,y,0) + A(2a) 7, 0) + dF. (19)

Thus analytically the problem is reduced to finding a function z such that the
map (19) maps Q onto T and the equation (18) is satisfied. The theretical
results will be presented elsewhere. The main conclusion is that if domains 93
and T are convex and the energy balance equation (17) is satisfied the there
always exist two (generalized) solutions. One of them is a convex function and

this is the one that is of interest.

Once the function z is constructed, one recovers in a unique fashion the second
mirror. The corresponding formulas are presented in [11]. The reader will also

find in [11] several examples illustrating the technique.
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4 Conclusions

In this paper we consider the problem of synthesizing a three-reflector system
which transforms a given input power pattern into a plane wave with prespeci-
fied power pattern on the output aperture. We outline here a new apporach to
formulating the problem analytically and use our previous work to analyze the
system. The proposed approach allows substantial contro]l over many design

parameters. In particular, blockage can be completely avoided.
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MONOPULSE STICK PHASED ARRAY

Richard Kinsey
Sensis Corporation
5793 Widewaters Parkway

- DeWitt, NY 13214

Abstract: Planar array antennas have often been formed by stacking edge-slotted
waveguides (sticks) to obtain low sidelobes, light weight and low cost. A
beamforming network with a phase shifter at each stick port, may provide one-
dimensional monopulse and one-dimensional phase scanning in the plane
orthogonal to the sticks. Previous attempts to add monopulse in the plane of the
sticks have been made, but without much success. This has usually involved
forming a pair of overlapped pencil beams which are combined in a hybrid to
form X and A patterns. However, monopulse tracking performance using this
approach is rather poor (=5 dB) compared to Taylor/Bayliss patterns with similar
sidelobe levels. A superior configuration involves interleaving a X array and a A
array which are independent of one another by virtue of their orthogonal
excitations. However, as only the sum array is used for transmit, the maximum RF
power is limited to the combined power handling of one-half the array phase
shifters including the effects of amplitude taper. A new Monopulse Stick Phased
Array (MSPA) configuration has been developed that provides dual-plane
monopulse, one-dimensional phase scanning, and uses all array phase shifters on
transmit thereby doubling RF power capability.

1.0 Introduction

Situated between the surveillance capabilities of reflector type antennas and fully
phased arrays are rotating planar arrays with electronic scanning in elevation.
Antenna apertures formed by stacking edge-slotted row waveguides offer
attractive advantages in terms of weight and cost but have a significant
shortcoming with monopulse only in the plane orthogonal to the sticks. In such a
case, target location in azimuth relies on run length estimation (beam splitting

using the sequence of radar returns as the antenna beam rotates through the target
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position). This "track-while-scan" technique is less accurate than monopulse,
more susceptible to ECM, and not well suited to a dense target environment. An
attractive improvement would be an antenna that retains the weight and cost
advantages of an edge-slotted waveguide planar array while also providing dual-

plane monopulse, wide frequency bandwidth, and one-axis phase scanning.

A number of prior attempts to obtain monopulse from traveling wave linear arrays
have usually involved a pair of overlapped pencil beams which are combined in a
hybrid to obtain sum and difference outputs. This pair of pencil beams may be
obtained from a pair of interleaved arrays [1], or by slotted waveguides that
operate in either of two different modes of excitation with separate hybrid ports
for each mode [2]. A significant limitation of these overlapped beam techniques
has been the relatively poor monopulse performance obtained with these non-ideal
array excitations. Additionally, departures from the RF design frequency tend to
change the angular overlap between the pair of beams in addition to the nominal
change in beam squint (off-broadside pointing angle). This further degrades the

sum pattern beamwidth and the difference pattern error slope.

1.1 The Fundamental Approach
It is instructive to consider the aperture field from a uniform incident plane wave.
Referring to Fig. 1, the incident wavefront is mathematically described by

Ei= e jkp = ¢ jk(zcos 0 +xsin ) (1)

where k = 271/A and the time variation e J®! is suppressed.
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-D/2 D/2

Fig. 1 Incident Uniform Plane Wave

Along the aperture plane (z=0), the incident plane wave is composed of even and
odd components in phase quadrature as shown by (1) which reduces to
El,—o= elkxsin®) =E,+jE, 2)
where E¢ = cos(kx sin 0) and E = sin(kx sin 6)
Let X' = x/D, so that -2 <x' <1, and let u = D/A sin6. Substituting in (2) will give
Ee = cos(2mux’) (3)
Ep= siﬁ(Znux') @
Ideal monopulse sum and difference aperture tapers can also be expressed in
terms of even and odd components. For example, if f(x') is the aperture excitation,
expressions for Taylor [3] and Bayliss [4] amplitude tapers can be written in the
same functional form as the even and odd aperture field components in (3) and
(4), where the integer n defines the region of controlled pattern sidelobes. The 35
dB, n=5 amplitude tapers illustrated in Fig. 2 will be the basis for the concept

descriptions that follow later in this section.
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Fig. 2 Independent Sum (Taylor) and Difference (Bayliss) Amplitude Tapers

Taylor
n
fo(x") = X Aj cos[2n(i-1)x'] 3)
i=1
Bayliss
n
f,(x) = ZlBi sin[2n(i-/2)x'] 6)
1=

The field component Ee in (3) couples only with fy(x') in (5) and the field
component Eg in (4) couples only with f,(x') in (6). Note that if the antenna
implementation is such that f,(x') is in phase quadrature with fz(x'), the array sum
and difference outputs will be co-phasal or anti-phasal with respect to one another

because of the quadrature relation of the odd and even field components they

couple to as shown by (2). Similarly, if f,(x) and fy(x) are both real (co-phasal
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and anti-phasal), they will have array outputs in phase quadrature for the same
reason. Historically, the first case has been referred to as "amplitude monopulse”
while the second case has been termed "phase monopulse”. For an array antenna
with independent sum and difference excitations, the distinction is meaningless

since the array monopulse gain and error slope are the same for either case.

By interleaving two arrays of slotted waveguides, one providing an even (sum)
excitation and the other providing an odd (difference) excitation, the field
components contributing to the monopulse sum and difference signals may be
separated in the array aperture itself rather than in separate beamforming networks
located behind the array elements [5]. In theory, the sum beam gain and the
difference pattern error slope are each realized without any additional loss due to
the presence of the other interleaved array. It should be noted that the spacing of
adjacent sticks in an interleaved array must be one-half the spacing of a
conventional array for a given beam scan requirement in order that no undesired
grating lobes shall appear in visible space. In contrast to the technique of forming
monopulse from a pair of overlapped beams, the beam squint for sum and
difference interleaved arrays is designed to be the same for both. This has the
advantage that the waveguide propagation velocity and slot spacing for both
arrays may also be the same with the result that sum and difference patterns

remain coincident with changes in RF frequency.

In spite of these advantages, one shortcoming of this approach is the fact that only

one of the interleaved arrays (the sum) is used on transmit for target illumination.
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Although phase shifters are required at the input to each slotted waveguide, for
beam steering in the orthogonal plane, the maximum array RF power is limited by
the combined power handling capability of only one-half these phase shifters.
This may impose an undesired limit on transmitter power, especially at high RF

frequencies, or else unnecessarily increase phase shifter costs.

2.0 The MSPA Concept

The MSPA planar array aperture is formed by stacking traveling-wave type linear
arrays (sticks). The odd-numbered sticks have an excitation different from the
even-numbered sticks. These two excitations are derived from a combination of
independent sum and difference amplitude tapers. Maximizing the RF power
capability of the antenna, by utilizing phase shifters for both interleaved arrays,
means that all sticks must couple to the even field components as well as the odd.
If fy(x") is the excitation for the array of odd numbered sticks and fu(x") is the
excitation for the array of even numbered sticks, then two candidate excitations

that fulfill this objective can be expressed in canonical form as follows.

Complex Excitations

fox) = fr(x) = JA(X) )

fe(x') = £5(x) +jf,(x) ®
Real Excitations

fo(x') = f5(x) — f4(x) ®

fe(x) = f5(x) + f4(x) (10)




If adjacent odd and even sticks are combined in a hybrid, the aperture excitation

from the pair will be f3(x") for an input at the sum port and jf,(x') or f,(x') for the

difference port (Complex or Real Excitations respectively).

2.1 Complex Excitations

Consider the Complex excitations first. The f;(x") and fo(x") in (7) and (8),
obtained by combining (5) and (6) will both have the same amplitude taper but
opposite (non-linear) phase characteristics. A -35 dB design SLL was used to
compute the graphs in Fig. 3 and Fig. 4. The nominal beam squint was removed
so that the phase characteristics are more clearly evident. The resulting far-field
patterns from both the odd and even stick excitations are shown in Fig. 5 and can
be seen to be mirror images of one another about the vertical reference axis. If the
odd and even stick ports are summed in a hybrid comparator, the resulting

patterns at the hybrid outputs will be Taylor and Bayliss (Fig. 6).

The non-linear phase characteristics of these Complex Excitations make them
unattractive for a practical edge-slotted array. However, it should be evident from
these results that the prior monopulse technique of overlapping a pair of pencil
beams is actually a crude approximation to the optimum stick patterns. While the
sum and difference pattern sidelobes obtained with the overlapped beam
technique may be acceptable, the loss in gain and angular sensitivity are
substantial (a 1.6 dB gain loss and 3 dB loss in angular sensitivity are typical,

giving close to a 5 dB loss in skin tracking performance).
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Fig. 6 Theoretical Far-Field Patterns From a Hybrid Combined Row Pair
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Fig. 7 Odd and Even Stick Excitations

2.2 Real Excitations

The Real Excitations in (9) and (10) have the same theoretical advantages as the
Complex Excitations just described but also readily lend themselves to practical
stick implementation. Since the f5(X') and fg(x') are the arithmetic sum and
difference of Taylor and Bayliss amplitude tapers, they yield real rather than
complex excitations. These are shown in Fig. 7 for the same 35 dB design
sidelobe level as before. Note that the excitation amplitude of a waveguide edge-
slot is controlled by the angle of the slot tilt and that changing the tilt from a +
angle to a — angle introduces a 180° phase change in this excitation. Since the
fo(x) and fe(x) excitations both enjoy the same linear beam squint, the slot
spacing is uniform and the additional 180° phase change required at the point

where an excitation goes negative is simply introduced by changing the direction
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of the slot tilt. Combining each pair of neighboring sticks (odd and even) in a 3

dB hybrid recovers the row-pair Z and A outputs. However, these row-pair X and

A outputs can instead be formed on the fransmitter side of the phase shifters by

first combining all the odd rows and all the even rows in separate column

beamformers (Fig. 8). In this case, all phase shifters share the transmit power

thereby doubling the array RF power capability. Monopulse in the plane

orthogonal to the sticks is obtained in the conventional manner, by combining the

individual linear array outputs in beamforming networks that form independent

sum and difference patterns. A single pair of hybrid-tees then combine the

beamformer ports to obtain the full monopulse set of =, Ay and Ag].
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Fig. 8 Block Diagram of Array Architecture
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3.0 Demonstration Array

3.1 Architecture

To demonstrate the feasibility of the MSPA design concept, a full scale planar
array was developed. The most useful configuration for eventual test and
evaluation was one that could utilize the existing Phalanx Radar test facility at
Dahlgren, VA. With this in mind, the antenna was to be provided with the means
to mount it within a Phalanx Radar Servo Structure in place of the existing track
reflector. Design goals were based on improved sidelobe performance while

providing electronic scan in azimuth with similar beamwidths and antenna gain.

Table 1 Initial Antenna Design Goals

RF Frequency Ku-Band
Agile Bandwidth 10%
Monopulse Az and El
Aperture Size Maximize

HPBWs (track reflector) 2.6°az.x 1.5%¢l
Gain 36.5 dBi
Polarization Linear Vertical
Az and EI SLL <-30dB
Azimuth Electronic Scan Sector 70° to 90°

RF Input Power Capability 25 kWp, 1 kWa
Antenna Weight 50 lbs.
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Fig. 9 A Front View of the Array Aperture

The largest array aperture that can fit in place of the reflector, and assure
minimum antenna clearances of 0.5 inches under all possible gimbal motions, is 3
ft. by 2 ft. Fig. 9 illustrates the active slotted region, the input region and the load
region of the array face. A linear waveguide feed along the bottom of the array
permits a signal to be injected into the sticks for test purposes. Two support
cradles pick up the array at the rear edges of the aperture backing plate and
provide three attachment pads that mate with the bosses previously used to mount
the reflector. The phase shifters, monopulse BFNs (Beam Forming Networks),
and phase shifter driver box, all mount to the back of ihe array. The BSC (Beam

Steering Controller) and dc power supplies are connected to the array by cables.
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Fig. 10 Side View of Array Component Packaging

Several innovations that make the phasing/beamforming assembly very compact
are illustrated in Fig. 10. First, the waveguide sticks incorporate an H-plane bend
in the feed end so that the input ports are at the rear of the array rather than the top
end of the sticks. This allows the odd and even arrays to have their flanges offset
above and below each other permitting the same half-height waveguide flanges to

be used throughout the array. The waveguide length differences resulting from the




stagger in flange locations and the offset in the BFNSs, is equalized by the

waveguide loops connecting the feed ports to the 3 dB hybrids.

Second, the flange offset permits two identical BFNs to be used with their
corresponding £ and A ports offset the exact amount necessary to mate with a
standard hybrid-tee panty adapter. This simplifies the waveguide runs and
minimizes the depth of the beamforming assembly. The transmit power is divided
equally between the two BFNs which provide a large area heat sink for the phase
shifter and feed losses. At the load ends of the BFNs, ambient air-cooled

waveguide loads must each handle only 1/2 the total main-line load loss.

Third, the waveguide twist normally required between the stick ports and the BFN
ports is incorporated in the phase shifter itself at no additional length. This is
possible because dual-mode reciprocal phase shifters have circular polarizers at
either end and orientation of the waveguide interface is arbitrary. While the length
of the phase shifters is only 3.5 inches, note that they can be either shorter or

longer without affecting the basic design layout.

Finally, waveguide phasing loops between the BFNs and the hybrids at the rear

can easily be shimmed if necessary to correct errors in electrical path length.
The stick spacing in the array aperture is very tight to permit scanning an azimuth

sector of 70° or more. As there is essentially no room between adjacent sticks for

mounting hardware, a new approach to the array face construction was employed.
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3.2 Array Construction
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Fig. 11 Array Face Construction Technique

ARRAY FACE

Ilustrated by the cross-sectional view in Fig. 11, are custom aluminum extrusions
designed with a rivet box at the back of the waveguide and broadwall tabs at the
short-circuit position, one-quarter wavelength behind the array face. By pop
riveting the waveguides to a backing plate and epoxy bonding the interleaved
‘ tabs, the waveguides become part of the array structure and provide a rigid but
lightweight aperture. Pre-boring the backing plate and rivet box holes in the
waveguides assures precise alignment while retaining a simple assembly
procedure. After riveting a waveguide, epoxy is applied to the groove (Fig. 12)
after which the next stick is added and riveted to the backing plate. The assembly

proceeds by sequentially adding sticks one above the other (Fig. 13).
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Fig. 13 Riveting the Sticks to the Backing Plate
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The phase shifters are reciprocal dual-mode latching ferrite units manufactured by
MAG (Microwave Applications Group). Average insertion loss is 0.6 dB and each
unit weighs less than 1.5 ozs. Rated RF power level is 650 Wp and 20 Wa. Each
driver card accepts 8-bit phasé shifter commands and switches 32 phase shifters at
1 kHz maximum. Input and output flanges are oriented at 90° with respect to each
other. This eliminates a waveguide twist that would otherwise be required to mate
the phase shifters with the cross-guide couplers of the BFN. Fig. 15 illustrates the

internal elements of a dual-mode phase shifter.
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Fig. 14 Exploded View of Ku-Band Dual-Mode Phase Shifter
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A schematic diagram for the azimuth BFNs is shown in Fig. 15. Cross-guide
couplers in the ¥ and A feedlines provide independent excitations at the antenna
ports. Matched dielectric phase shifters in the cross-guides between the Z and A

feedlines compensate for the differences in coupler phase lags.
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